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Preface

Since publishing the First Edition of polyolefin fibres: industrial and medical applications tremendous advances have been made in polymer science and engineering
particularly in the important fields of nanocomposites and biomaterials. The import
of polyolefins remains very strong and concerted demands have led to the publishing of the second edition of the book titled, Polyolefin fibres: Structure, Properties
and Industrial Applications. Polyethylene and polypropylene (PP) are very important polyolefin polymers and the fastest growing polymer family. Polyolefins cost
less to produce and process than many other plastics and materials they replace.
Indeed, PP is a versatile and widely used synthetic polymer for hygienic applications like food packaging, surgical masks, diapers, hygiene bands, filters, automotive parts, and medical devices. Polyolefins are also important for fibres and films;
PP fibres are used widely in upholstery fabrics, geotextiles, and carpet backing.
Evidently, because of the low cost, high strength, high toughness, and resistance to
chemicals, PP fibres find a broad spectrum of use in the industrial, home furnishing
sectors, and medical applications. Thus our knowledge in engineering nanocomposite polyolefin materials has proved invaluable in improving the range of commercially available products. However, PP fibres do not enjoy comparable popularity in
the apparel sector of the textile industry; one of the main reasons being lack of
dyeability.
Specifically, this Second Edition is made up of three parts, namely: Part I:
Structure and properties of polyolefin fibres with special emphasis on the types of
polyolefin fibres, their structure and chemical properties, detailed discussion on the
structural mechanics of polyolefin fibrous materials and nanocomposites, polyolefins and the environment, the use of polyolefins in industrial and medical applications, and advances in polyolefin-based fibres for hygienic and medical
applications.
Part II: Improving the functionality of polyolefins places emphasis primarily on
the production methods for polyolefin fibres, enhancing the hygiene/antimicrobial
properties of polyolefins, improving their use in nonwovens, testing and quality
control of polyolefins, the current status of polyolefin nanocomposite fibres and
films and efforts geared towards improving the coloration/dyeability of polyolefin
fibres.
Part III: Enhanced applications and uses of polyolefin fibres focus on various
topics dealing with improving the wear resistance of polyolefins; improving thermal
and flame resistance properties of polyolefins; discussions about the various polyolefin automotive components, the use of polyolefins in geotextiles and engineering

xvi

Preface

applications; the increasing use of polyolefins in biomedical applications and also
the use of polyolefins in hygienic applications.
I am most grateful to all the contributors for their time, determination, and
enthusiasm in insuring that the deadline of the editorial team was met. I am
indebted to all the members of my family for their support, interest, and encouragement in the realization of this book project. Many of my graduate students and visiting scientists from various universities across the globe have made contributions
through our shared research projects over the years and their efforts are duly
acknowledged.
I believe this book provides excellent information not only for researchers, academics, and professionals in the biomaterials, nonwoven, and medical areas but
also for technologists, engineers, product designers, marketers, and mangers in the
polymer, textile, and allied industries.
Samuel C.O. Ugbolue1,2
1
Scudin LP, Taunton, MA, United States
2
Edwin Clark University, Kiagbodo, Nigeria

Part I
Structure and properties of
polyolefin fibres

This page intentionally left blank

Types of polyolefin fibres
A. Crangle
Formerly of University of Ulster at Belfast, United Kingdom

1.1

1

Introduction

Polyolefin polymers and the resultant textiles made there from have, over the last
50 years or so, progressively replaced both natural and other man-made fibres in
many day-to-day applications. In addition, they have consistently been the polymeric textile of choice for many progressive and innovative textile developments
and applications that, in 2007, are generally taken for granted by the general public.
The European Association of Textile Polyolefins (EATP) eloquently describes polyolefin textiles in the following manner [1]:
In homes and automobiles, clothing and carpeting, health care and industry,
polyolefin is quietly at work in thousands of applications around the world.
This versatile, high-tech fiber is durable, colorfast and chemically resistant, yet
economical and environmentally friendly. Polyolefin consistently outperforms
other fiber materials. From its discovery in 1954 by Nobel prize-winning chemist
Giulio Natta, polypropylene has proven that it is a hard-working polymer.
Polyolefin plastics and fibers keep our carpeting clean and transport moisture
away from the body to keep our active wear dry. They protect sterile environments
and soak up industrial spills. PP is literally ‘on the job’ in our homes, cars and
businesses, each and every day.

While the main topic of this chapter is ‘Types of polyolefins’, it is the author’s
opinion that it is important to understand some of the basics relating to the chemistry of alkenes (alpha olefin monomers), and, in particular, how the stereochemistry
of these basic polymer building blocks has an important part to play with respect to
addition polymerization at a catalyst surface and, subsequently, on the physical
characteristics of the bulk polymeric material.
The commercially important polyolefin fibres, polypropylene and polyethylene,
are discussed in terms of their basic structure. A brief review of their development
and commercial introduction is also included. The other poly (alpha olefins) are
discussed in terms of their use as fibrous materials. Polyolefin fibres produced from
copolymers or blends or as bicomponent fibrous materials are reviewed. To accommodate the various aspects of the polyolefin textiles industry, classification has
been dealt with in terms of the structure/chemical nomenclature of the polymer, the
fibre processing technology or the application of the textile material. A brief survey
of possible future trends followed by conclusions and sources of further reading
complete the chapter.
Polyolefin Fibres. DOI: http://dx.doi.org/10.1016/B978-0-08-101132-4.00001-1
Copyright © 2017 Elsevier Ltd. All rights reserved.
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1.2
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Definitions of polymers, fibres and polyolefins

A polymer is a large molecule built up by the repetition of small, simple chemical
units [2]. In some cases the repetition is linear, as in a chain composed of a succession of links or they may be branched or interconnected to form three-dimensional
networks. This repetitive structure is called the repeat unit and polymers may be
made from a single type of repeat unit or a combination, of a limited number, of
types of repeat units. Such polymers are referred to as homo-polymers and co-polymers, respectively. Polymers in fibres will have at least 100 repeating units in the
chain, although most will have thousands [3]. If one regards atoms as the smallest
unit of construction for molecules, then the large, mainly linear, polymeric macromolecules are the essential building blocks for the construction of natural or manmade fibres [3].
With the exception of carbon fibres, glass fibres, metallic fibres and ceramic
fibres, the majority of natural or man-made fibres in general commercial use are
organic structures with a carboncarbon chain backbone [4]. Polyolefin polymers
are essentially high molar mass, saturated, aliphatic hydrocarbons, some of which
can be conveniently spun into fibres. The terms ‘polyolefin fibres’ and ‘olefin
fibres’ are the generic names approved by the United States Federal Trade
Commission to describe a manufactured fibre in which the fibre forming substance
is any long-chain synthetic polymer composed of at least 85% by mass of ethene
(ethylene), propene (propylene), or other olefin units of general formula
(CH2QCHaX), where X represents an alkyl chain [4].
The term polyolefin also includes the International Standards Organisation (ISO)
generic names of polypropylene (PP) and polyethylene (PE) as defined in ISO 2706,
although the correct chemical names should be poly(propene) and poly(ethene),
respectively, propene and ethene being the modern chemical names for propylene
and ethylene [4]. The structure of the repeat unit is usually equivalent to that of the
monomer, or the starting material from which the polymer is formed. Thus the repeat
unit of polypropylene is [aCH2CH(aCH3)a] and the monomer is propene (or propylene), CH2QCHaCH3. The monomers and equivalent repeat units for selected
polyolefins are shown in Table 1.1.

1.3

Chemistry of alkene (olefin) monomers

To understand ‘what polyolefins are’ or indeed to appreciate the whole gamut of
interactive science and technology related to polyolefin textiles, one must start with
the basic chemistry and structure of the alkene monomers from which these commercially important polymers are made. Alkenes are a series of unsaturated hydrocarbons with a general chemical formula of CnH2n. The first member of the series
is ethene (ethylene), C2H4, followed by propene (propylene), C3H6 and butene
C4H8, and so on. The distinguishing structural feature of alkenes is the presence of
at least one carboncarbon double bond. Quantum mechanics has enabled the

Types of polyolefin fibres
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Structures of some polyolefins and their equivalent
repeat units

Table 1.1

Polymer

Alkene monomer

Polyolefin repeat unit

Poly(ethylene)
Poly(propylene)
Poly(4-methylpent-1-ene)

CH2==CH2
CH2==CH (—CH3)

[— CH2CH2 —]
[—CH2CH (—CH3) —]

Poly(1-butene)
Poly(methyl-1-butene)

H
H
C C
H
H
Planar ethene molecule with C
H
H

C

C

C bond

H
H

Pi bonds in ethene: electron cloud above
and below the plane of the molecule

Figure 1.1 Chemical and bond structure of ethene.

structure of the carboncarbon double bond to be elucidated, as a combination of
two different bond types, namely a strong σ(sigma) bond (or single bond) and the
other, a weak π(pi) bond. Analysis of the quantum mechanical arrangement around
the carboncarbon double bond in ethene indicates that ethene is a flat symmetrical
molecule with all the six atoms on the same plane [5]. The all important π bond
may be envisaged, in quantum mechanical terms, as an electron probability cloud,
above and below the plane of the molecule and lying between the two carbon atoms
(see Fig. 1.1).
It is this special distribution of the electrons in the π(pi) bond that is responsible
for the reactivity of the carboncarbon double bond with a wide range of chemical
reactants [5]. Ethene has the ability to react with itself to form dimers, trimers,
tetramers, oligmers, etc. If the reaction conditions are favorable, ethene has the
potential to form long saturated hydrocarbon macromolecules or polymers. Work
on the polymerization of ethene began in the 1930s [6]. In those early days,
the researchers’ success was no mean feat and in retrospect was responsible for the
initiation of the commercial manufacture of hydrocarbon polymers and the polyolefins industry as we know it today.
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While carboncarbon single bonds are free to rotate through 360 , carboncarbon
double bonds are locked firmly in place and are not free to rotate. Thus if one substitutes one of the hydrogens on ethene to give an organic molecule of the type
CH2QCHaX, then this molecule will take on a definitive three-dimensional
structure. This has an effect on how such molecules react or interact with other materials. For example, the substitution of one of the hydrogens in the ethene molecule
for a methyl group (aCH3) introduces us to the second member of the alkene series,
propene, more commonly referred to as propylene, CH2QCHaCH3. The quantum
mechanical arrangement around the carboncarbon double bond remains more or
less the same as in ethene, but the methyl group does have shape and size and
imposes a definitive geometric pendant to the molecule. The simple symmetry of
ethene is lost and the series of alpha substituted alkenes (CH2QCHaX) begins.
Naturally the size and shape of the pendant group determines the potential of these
alpha substituted alkenes to be converted into commercially useful polymers
(see Table 1.1).

1.4

Polymers and polymerization reactions

In 1929, Wallace H. Carothers suggested that polymeric materials should be classified as either addition or condensation polymers [2]. This definition has since been
amended to place more emphasis on the mechanisms by which the said polymers
are formed, namely, chain-addition and step-reaction polymerization mechanisms,
respectively (see Table 1.2). As with all such classifications, there will always be
some anomalies [2]. While the polymer chemist may use the amended classification, the original classification is more readily understood by the lay reader and will
be used in this text.
While this text is confined solely to polyolefins, which are made by addition
polymerization, the typical condensation polymerization reaction for nylon 6:6 is
included for completeness and contrast (see Table 1.3). Addition polymerization is
a chain reaction, generally associated with the polymerization of ethene (or vinyl
type) monomers, such as, ethene, propene, styrene, and vinyl chloride. Chain
Table 1.2

General classification of polymers

Carother’s
classification

Amended
classification

Polymerization
mechanism

Examples

Condensation
polymers

Step reaction
condensation
polymers
Radial chain
addition
polymers

Stepwise intermolecular
condensation of
reactive groups
Chain reactions involving
a reactive centre

Polyamides and
polyesters

Addition
polymers

Polyolefins,
polystyrene,
polyvinyl
chloride
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Table 1.3 Reaction scheme for the polycondensation of hexamethylenediamine and adipic acid to form poly (hexamethyleneadipimide) or nylon 6:6
H2Na(CH2)6aNH2
plus
HOOCa(CH2)4aCOOH
polymerises to give !
Ha[HNa(CH2)6aNHaOCa(CH2)4aCOa]naOH
plus
H2O

Hexamethylene diamine
Adipic acid
Poly(hexamethylene adipimide),
better known as Nylon 6:6
Condensate

Table 1.4 Types of addition polymerization and their
active sites
Active centre

Type of addition polymerization

Cation
Anion
Free radical
Organo-metallic coordination

Cationic
Anionic
Free radical
Coordination

addition reactions start with one act of initiation, which may lead to the polymerization of thousands of monomers [2]. To the observer, the polymer molecules seem to
be formed instantaneously and, unlike condensation polymerization, there are no
intermediate species between monomer and complete macromolecule. Addition
polymerization mechanisms have three basic steps, namely, initiation or formation
of the active centre, propagation or repeated additions of the monomer units to the
growing polymer chain and (in most cases) termination of the chain growth.
Several types of active centers and addition polymerization techniques have been
identified (see Table 1.4). Table 1.5 shows the general mechanism, or sequence of
reactions, for free radical chain-addition polymerization of ethylenic or vinyl type
monomers.
Before 1953, almost all the commercial production of ethene type polymers
involved free radical polymerization [5]. The main disadvantage of such reactions
was the lack of stereo-specific reaction control and the distinct probability of competing side reactions occurring during the manufacture to produce branched polymer structures. The reason for this is that during the chain propagation step, a side
reaction can occur which abstracts (or removes) hydrogen from a chain that is
already formed. This can initiate another radical site on the polymer, which can
readily react with any available monomer, to produce a side chain or branch along
the main linear polymer chain backbone [5]. Coordination polymerization operates
by a completely different mechanism to free radical or ionic polymerization and
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Mechanism for free radical chain-addition polymerization of ethene type monomers

Table 1.5

Peroxide ! Rad
Rad 1 CH2QCH(R) !
RadaCH2a(R)HC
G

G

G

RadaCH2a(R) HC 1 CH2QCH(R) !
RadaCH2a(R)CHaCH2a(R) HC etc. to
Rada[CH2a(R) HC]nG

G

G

Rada[CH2a(R) HC]n- 1 Rad !
Rada[CH2a(R) HC]naR
G

G

Chain initiation steps
Peroxide splits to form free radicals. The
radical adds across the double bond and
the free electron moves to the end carbon
Chain propagation step
The ethylenic or vinyl monomer adds to the
end of the growing chain and the free
electron moves to the end of chain
Chain termination step
Radical or other reactive species reacts and
cancels out the free radical species at the
end of the growing chain

involves innovative use of organometallic coordination chemistry, which is based
initially on the adaptation of Wilkinson’s catalyst for the hydrogenation of alkenes
[5] and which was first reported by Karl Zeigler and Giulio Natta in the early
1950s. Since then coordination catalysts have been developed that permit precise
control of the polymerization reaction with the ability to finely control such polymer characteristics as molar mass (molecular weight) and dispersity (molecular
weight distribution). The innovative research of Karl Zeigler and Giulio Natta initiated the rapid development and expansion of the use of polyolefins spanning both
the plastics and textile industries, for which they received the Nobel Prize in 1963.
The advent of metallocene catalysts has had a commercially important impact on
the manufacture of structured polyolefins and other addition polymers.

1.5

Stereochemistry and the structure of polyolefins

1.5.1 Stereochemistry and stereoisomerism
Stereochemistry is that part of organic chemistry that deals exclusively with the
three-dimensional structure and properties of organic molecules. Simple isomers are
different organic compounds that have the same molecular formulae. For example,
the alkane, C4H10 is better known as butane, but it can exist as the linear molecule,
n-butane or the branched molecule, isobutane. Further, the alkene, butene, can exist
as one of the two geometric isomers, namely, cis-2-butene or trans-2-butene [5].
Stereoisomers, on the other hand, are alike in terms of which atoms are joined to
which other atoms, but are different from each other only in the way these atoms
are orientated in space [5]. Simple stereoisomers are optically active and can be
identified or differentiated from one another by their solution’s response to plane
polarized light, either turning the plane polarized light to the right (dextrorotatory)
or to the left (levorotatory). Stereoisomers have a structural commonality by having
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Figure 1.2 Structure of model stereoisomer C-JKLM.
H
m × (Propene repeat units)

C

(Propene repeat units) × n

CH3

Figure 1.3 Structure of chiral/asymmetric carbons along a poly (alpha olefin) chain.

one tetrahedral carbon atom in the compound to which is appended four different
atoms or groups of general formula C-JKLM (see Fig. 1.2). Examination of such
three-dimensional structures demonstrates that the appendages can be arranged
about the tetrahedral carbon atom to make it possible to have a right- or left-handed
version of the same chemical formula, C-JKLM, which are exact mirror images of
each other, and are not superimposable onto one another. Molecules that are not
superimposable on their mirror images are currently referred to as chiral (from the
Greek word for handedness) and the carbon atom to which the four different groups
are attached is called chiral carbon or chiral center. Earlier terminologies used in
organic chemistry areasymmetric, asymmetric carbon, and asymmetric center,
respectively [7]. Pairs of stereoisomers are also called as enantiomers.
Why are we struggling through the basics of stereochemistry? In all poly (alpha
olefins), such as polypropylene, the majority of the carbon atoms along the chain
can be regarded as chiral or asymmetric, because they will have four different
appendages: a hydrogen atom, a methyl (or other) group, a polymer chain, R1, with
say ‘n’ number of repeat units, and a polymer chain, R2, with ‘m’ number of repeat
units (see Fig. 1.3). As we shall see in the text below, stereo-specific polymerization could be regarded as the predetermined control of chirality of every other carbon along the saturated aliphatic carbon polymer chain. Advanced texts on polymer
stereochemistry deal with particular parts of the polymer chain in terms of the
aforementioned nomenclature.

1.5.2 Structure of polyethylene fibres
Ethene (or ethylene), CH2QCH2, is completely symmetrical about the double
bond and thus there is no right or left handedness, or right or wrong way for the
ethene molecule to add to a growing polymer chain during polymerization. Thus,
an unbranched polyethylene polymer chain backbone should be completely
symmetrical in terms of the stereoregularity of the individual carbons along the
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Chemical structure of polyethylene:
carbon chain of methylene groups

Figure 1.4 Chemical structure of linear polyethylene.

polymer chain. The generally accepted chemical structure of polyethylene is a
long saturated carbon chain of methylene (aCH2a) groups (see Fig. 1.4). In practice, the polymer chain structure obtained depends on the polymerization method
used. Various degrees of long or short chain branching can and do occur. This is
reflected in the resultant density of the bulk material. The terms low density polyethylene (LDPE) and high density polyethylene (HDPE) are used to differentiate
the different types. For example, traditional high pressure polymerization gives
rise to branched polyethylene of low to medium density, generally as a result of
free radical polymerization. These structures will have long chain branching or
multiple branching [8]. Low pressure polymerization usually yields a more linear
polyethylene in which the chains pack closer together to give a higher density in
the bulk material [9]. LDPE turns out to be a very complex polymer with a considerable number of different types of branching present. Elucidation of the side
chain structures has been only partially effective and relies heavily on infrared
(IR) and nuclear magnetic resonance (NMR) spectroscopic techniques. While
these techniques have confirmed the presence of short chain groups, such as
-methyl, -ethyl, -butyl, branches containing longer than five carbons are not distinguished individually [10]. High density polyethylene, on the other hand, is
more or less a linear homopolymer of ethene. Analysis of linearity indicates
approximately one chain branch per molecule [10].

1.5.3 Structure of polypropylene fibres
Unlike ethene, the propene molecule CH2QCH(aCH3) is unsymmetrical with a
methyl group appended to one of the carbons in the carboncarbon double bond.
The methyl group has relative size, occupies space, and inflicts a degree of steric
hindrance to one side of the π(pi) bond in the molecule. Compared with the symmetrical arrangement of ethene, this pendant methyl arrangement in propene
is sometimes referred to as the molecule having a head and tail structure.
The CH(aCH3) end is called the head and the CH2 end the tail. Addition of one
propene molecule to another, for example during dimerization, can theoretically
give three possible geometric structures depending on whether the addition is
head to tail, head to head, or tail to tail (see Fig. 1.5). Thus it is possible for similar sequences to occur along the polymer chain backbone [11]. Fortunately, the
steric hindrance effect of the methyl group favors a head-to-tail sequence during
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Propene dimerisation: head to tail addition
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CH2

CH3
Propene dimerisation: head to head addition
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CH2

CH2
CH2

CH2

CH3
Propene dimerisation: tail to tail addition

Figure 1.5 Propene dimerization: structure of dimers.

chain propagation. It is this phenomenon which gives the opportunity for high
chemical regularity of the polypropylene chains [11]. The occurrence of head-tohead or tail-to-tail sequences can and do occur, thereby inducing chemical
defects along the polymer chain backbone [11,12].
As explained previously, each repeat unit in the polypropylene chain has a chiral
or asymmetric tertiary carbon C . If one examines the possible sequence of events
during the chain propagation step, with respect to the chiral carbon of the repeat
unit, one can derive the possible sequence of conformational structures along the
growing polymer chain. As each ‘head-to-tail addition’ takes place, the next link or
repeat unit in the chain can be either right-handed or left-handed with respect to
each newly formed chiral tertiary carbon on the chain [13]. It is the coordination
polymerization on a catalyst surface that gives the same ‘all right’ or ‘all left’ handedness at the chiral carbon and so produces a stereoregular polymer in what is
known as the isotactic conformation, that is, with methyl groups seemingly all on
one side of the chain (see Fig. 1.6). If the polymerization catalyst causes alternation
of left- and right-handedness at the chiral carbon(s) during the propagation step,
then the stereoregular, syndiotactic form of the polymer will be produced, that is,
where the methyl groups seem to alternate from one side of the chain to the other.
If monomer addition at the chain propagation site occurs with no stereoregulation
at all, then the chiral carbons along the polymer chain will have random right- and
left-handedness. This form of the polymer has no stereoregularity at all and is
referred to as the atactic form of the polymer. The rules for stereoregularity of
polypropylene proposed by Guilio Natta in terms of tacticity, that is, isotactic,
syndiotactic and atactic, are equally applicable to all poly (alpha olefins).
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Isotactic structure: methyl groups occur on the same side
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Figure 1.6 Stereochemical structures of polypropylene.

Most texts represent isotactic polypropylene as having a fully extended chain,
with methyl groups along one side of the chain. This is purely representational. In
the polymer crystal, an isotactic structured chain will take up a spiral conformation
so as to keep the mutually repellent methyl groups as far away from each other as
possible. For example, in isotactic polypropylene, the methyl groups complete one
spiral to every three propene repeat units, that is, each monomer unit is rotated
120 from the next one so that the fourth methyl group is placed identically to the
first and so on along the polymer chain [14,15]. Kresser has shown diagrammatically and explained the possibility of a two spiral arrangement for the isotactic
polypropylene molecule, one right-handed and one left-handed. In the crystal, it is
believed that these two enantiomorphous spirals are present in equal quantities and
the right- and left-hand helices tend to fit together so that they always crystallize in
pairs [16].
The Textile Institute has defined polymer tacticity in the following manner [4]:
An atactic polymer is defined as a linear polymer containing asymmetrically
substituted carbon atoms in the repeating unit in the main chain, a planar
projection of whose structure has the same substituents situated randomly to one
side or the other of the main chain.
A syndiotactic polymer is defined as a linear polymer containing
asymmetrically substituted carbon atoms in the repeating unit in the main chain, a
planar projection of whose structure has the same substituents situated alternately
on either side of the main chain.
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An isotactic polymer is defined as a linear polymer containing asymmetrically
substituted carbon atoms in the repeating unit in the main chain, a planar
projection of whose structure has the same substituents situated uniformly on the
same side of the main chain.

1.5.4 Structure of other poly (alpha olefin) fibres
1.5.4.1 Poly (1-butene)
The existence of isotactic poly (1-butene) is briefly reported in the literature
[1719]. First generation Zeigler/Natta catalysts have been used to manufacture the
polymer [20]. Solvent fractionation of the polymer in diethyl ether and subsequent
analysis of the fractions demonstrated that both isotactic and atactic forms of the
polymer were present. However, no clear cut isotactic or atactic version of the
structure was isolated, with a range of tacticities suggested as being present. In
addition, van der Ven reported that direct synthesis of syndiotactic poly (1-butene)
had not met with any success [20].

1.5.4.2 Poly (4-methylpent-1-ene) fibres
The majority of literature references relating to poly (4-methylpent-1-ene) fibres
suggest that these are melt spun from the isotactic or asymmetric form of the polymer [18,19,2125]. Ruan et al. are more specific with respect to the structure and
suggest that when the isotactic polymer crystallizes, the cell contains two anticline
enantiomorphous helices, right up-left down or right down-left up with possible statistical presence of up- and down-pointing helices at each helix site [26]. In 1990,
van der Ven reported that the only commercial production of poly (4-methylpent-1ene) was by Mitusi Petrochemical in Japan and that, in the past, Imperial Chemical
Industries (ICI) was also reported to have had a production facility [27]. The main
advantage of this polyolefin is a combination of high melting point of 250 C with
high crystallinity which gives its potential for strength and makes it suitable for
high temperature usage where, for example, medical sterilization is required [27].
In addition, a syndiotactic version of poly (pent-1-ene) has been reported [28].

1.5.4.3 Poly (1-hexene) fibres
In terms of molecular structure, tacticity studies using 13C-NMR studies, which are
readily applicable to polypropylene, become progressively difficult with respect to
the higher alpha polyolefins [27]. Almost all straight chain polyolefins, with the
exception of poly (1-hexene), are crystalline and have a helical conformation in the
crystalline lattice. The three repeat units per turn for polypropylene increases to
four repeats per turn for the longer side chain poly (alpha olefins). This would suggest that these polymers exist mainly in the isotactic or syndiotactic structural forms
that would allow precise helical formation during crystallization [27].
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Polyethylene fibres

Polyethylene fibres from LDPE were extruded as long ago as the 1930s [29]. These
first polyolefin fibres were spun from low molar mass polymers as comparatively
thick monofilaments and had relatively poor mechanical properties (tenacities of
12 cN/dtex) which limited their commercial impact [9,30]. Several commercial
polyethylene monofilament fibres and ribbons were launched and marketed at this
time, for example, Courlene and Reevon[31,32]. Although these HDPE monofilaments were superior to the equivalent LDPE versions, they still retained deficiencies that continued to restrict development as a general textile fibre, for example,
the spun filaments had a low resilience, high deformation under stress (creep) and a
softening range still too low to meet requirements for normal textile use.
Nonetheless, several textile products for industrial applications were developed
using these coarse monofilament/ribbon-like ‘polyolefin fibres’, mainly for outdoor
applications where mildew resistance was a distinct advantage; for example, outdoor fabrics, cordage, ropes, nets, webbing, protective clothing, conveyor belting,
filter fabrics seamless tubing for medical applications [31,33,34].
In 1957, commercial quantities of isotactic polypropylene became available.
Several companies who were already producing HDPE monofilaments used the
newly available polymer to develop and market equivalent monofilaments in polypropylene, for example, Reevon PP [31]. Compared with HDPE, the new polymer
on the block, while not perfect by any means, seemed to have greater technical and
commercial potential as a ‘bulk commodity fibre’ than the resident ‘polyethylene’
monofilament fibres. Linear polyethylene polymers for textile applications were not
abandoned by the polymer technologists, but continued to be developed (in collaboration with textile technologists) for the extrusion of monofilaments and production
of ribbon and slit-film weaving tapes. HDPE monofilaments replaced natural fibres
in many cordage, rope and netting applications, whereas HDPE weaving tapes
found many applications for the production of industrial fabrics, such as tarpaulins,
geotextile membranes and shade mesh fabrics [35,36].
Although the theory relating to the production of high modulus polyethylene
fibres has been available since the 1930s, it was only from the mid 1980s onwards
that suitable ultra high molecular weight polyethylene polymers (UHMW-PE) and
associated spinning technologies became available, so as to provide sustainable
commercial production [37]. The prerequisites for making strong polyethylene
fibres are long molecular chains which can provide sufficient cohesive forces when
stretched, orientated and crystallized, during conversion of the initial undrawn filament, in whatever form, to a fully drawn yarn. Research on the technology of spinning HMWPE polymers continued on many fronts. In the 1970s, Ward et al.
developed processing technology for high modulus polyethylene fibres which was
licensed commercially to produce Tenfor and Certran fibres [3840]. Extrusion of
UHMW-PE fibres and subsequent orientation drawing is extremely challenging,
due to the very high melt viscosity of the polymer and high degree of molecular
entanglement in the undrawn fibres. Gel spinning technology, invented by DSM
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[41], solved both these difficulties in one fell swoop and so initiated a revolution in
fibre spinning and established the commercial success of high strength, high modulus polyethylene fibres, such as, Dyneema and Spectra. These ultra high strength
fibres are particularly suitable for ‘high tensile demanding applications’, such as
deep sea mooring ropes and braids, antiballistic fabrics and precisely engineered
medical devices.
The orientation of UHMW-PE powder by solid state extrusion (SSE) was
reported in the late 1970s [42]. Subsequent research during the late 1980s and early
1990s, by the Nippon Oil Company, developed SSE for commercial applications.
SSE fibre was first produced and sold in Japan for a limited period. The technology
was then licensed to Synthetic Industries in the United States, who with Integrated
Textile Systems produced and marketed the resultant Tensylon tape yarns [42].
Since the tensile strengths of these yarns ranged from 16 to18 cN/tex, they have
found a cost effective niche market for ropes, nets, and composites. The potential
of Tensylon yarns for use in the construction of antiballistic composite materials is
demonstrated by the acquisition of the technology by Armoured Holdings from the
original US manufacturers [43].

1.7

Polypropylene fibres

1.7.1 Isotactic polypropylene fibres
Commercial quantities of isotactic polypropylene became available in 1957 [30].
The primary attraction for the development of this polymer came from its potential
as a superior plastics material compared with polyethylene and not primarily as a
raw material for synthetic fibre production [30]. While coarse polypropylene monofilaments were available in the late 1950s, it was not until the early 1960s that small
quantities of Italian-made staple and multifilament fibre began to appear in the market, soon followed by supplies from the US and UK [30,31]. The first commercial
quantities of staple and multifilament fibres were only produced by the big ‘multinational chemical companies’ who had obtained production licences (from
Montecatini) and had the capacity to make both the polymer and the fibre production [32]. It is most likely that the first commercial isotactic polypropylene staple
and multifilament fibres were melt spun with similar equipment to that used for the
production of polyamide and/or polyester fibres. For example, Ulstron polypropylene fibre was produced by ICI at their already established polyamide fibre spinning
plant at Kilroot in Northern Ireland [44]. The supply of polypropylene fibre and
continuous filament yarns from these established fibre manufacturers fitted directly
into the established textile industry supply chain that was prevalent in the 1950s
and 1960s.
However, a fibre production revolution was in progress. The original fibre spinning technology was restricted by tight patents, but the polymer was freely available, albeit for other applications, such as extrusion of film. Intensive research was
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initiated in the 1960s to convert the plastic-like polypropylene film into something
that would be recognisable and marketable as a textile material. Collaboration
between the multinational polymer suppliers, textile engineering companies, the
textile research establishment and the textile industry was focused, challenged and
ultimately successful in circumventing patents to produce polypropylene fibre by
alternative technologies. Initial research spawned the fibre from film process with
the invention of ‘on-line fibrillation technology’. However, the most successful
invention was the production of continuous slit-film polypropylene tape yarns (ribbon yarn), from an extruded film, with adequate strength, that could be used
directly by the weaver.
The ‘culture shock’ to the industry was that for the first time the spinner,
weaver or whoever, could buy polypropylene polymer, purchase polypropylene
extrusion equipment, obtain technical backup and make their own bespoke fibre
or tape yarns. They now had a secure, independent supply of textile raw materials with which to develop a range of new value added products. During the
1960s and early 1970s, the advent and rise of polypropylene tape and nonwoven
fabrics eventually killed off the jute industry around Dundee in Scotland and
supplanted it with the polyolefin textiles industry. The traditional jute spinning
and weaving companies embraced the new textile and the new era. Woven polypropylene tape fabrics replaced jute for use in carpet backing, sacking, and agricultural applications. Polypropylene fabrics from tapes were designed for
geotextile applications and on-line tape fibrillation technology enabled the production of ‘twisted’ tape yarns. In many cases these tape yarns replaced natural
fibre spun yarn, for less critical applications, in ropes, cords and twines. The
polyolefin fibre revolution was not confined to the UK and Europe, but became
a worldwide phenomenon.
The polypropylene fibre from film route produced fibres that had irregular
cross-sections and size and that just did not have the look or feel of textile
fibres. Patent restrictions with respect to melt spinning of polypropylene fibres
using a spinneret plate fed directly from screw extruder were active. An alternative was found which involved solid polymer granules being continuously fed
into a heated rectangular box by a set of fluted rollers. The incoming solid granules were compressed, melted, homogenized, forced through a spinneret plate,
into a cooling air stream and drawn away as a continuous filament tow [45]. The
Mackie CX polypropylene staple fibre spinning system was probably the most
successful commercial proponent of this technology, through which an in-house
polypropylene fibre supply was available to spinners throughout the world
[4649].
By the mid 1970s, continuous filament yarn technology for direct spinning of
polypropylene fibre became available for in-house production by small-to mediumsized textile producers, which further enhanced the penetration of polypropylene
fibre into the domestic and industrial textiles market. By the late 1970s, the polypropylene textiles industry was well established, consisting mainly of small textile
converters involved in weaving, spinning, carpet manufacture, and the making of
ropes, nets and twines. Industry expansion and capacity continued through the
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1980s, stimulated by market demand for a range of innovative products and industry wide research and development, as demonstrated by the succession of industry
specific polypropylene textiles conferences sponsored by the Plastics and Rubber
Institute [5053]. Many innovative technological developments that we now take
for granted were first shown and demonstrated at these conferences, for example,
melt blown nonwovens, geotextile fabrics, fabric reinforced cement/concrete, to
name but a few.
During the 1990s, the polyolefin textiles industry went through a period of consolidation, particularly with respect to high capacity fibre production which moved
from Europe to more cost effective sites overseas, such as Turkey, the People’s
Republic of China, and Mexico [54]. The production and use of polypropylene
fibres accounts for approximately 6% of global fibre production, weighing in at
4.3 million tonnes per annum [55]. For example, in the United States, polyolefin
fibre is sold under at least 27 different trade names and manufactured by at least
13 suppliers [56]. Although there is a comparatively high usage of polyolefin textiles in Europe, the bulk of fibre manufacturers produce speciality fibres and yarns
for particular technical textiles applications, ranging from high tenacity yarn to
speciality fibres for technical nonwovens [57].
The vast majority of polypropylene fibres are made from isotactic polypropylene
and are available in a variety of well-known textile forms, in different colors and
textures, with additive packages to enhance and protect the fibre against the most
hostile environmental conditions that they are likely to encounter. It is beyond the
scope of this chapter to survey the different types of polypropylene fibres available;
such detail is eloquently reviewed elsewhere (see sources of further reading), but an
indication of the range of types and applications is recorded in Table 1.8. Suffice to
say that the fibre producers, both large and small, have developed a large variety of
products and the textile market has similarly adapted to their use. This has enabled
extensive market penetration and replacement of both natural and synthetic fibres
by polypropylene. Polypropylene fibres are available as slit film tapes (ribbon
yarn), fibrillated tapes and yarns, staple fibre, multifilament yarn, spun bonded and
melt blown, to name but a few.

1.7.2 Syndiotactic polypropylene fibres
The manufacture of a fibre grade syndiotactic polypropylene polymer and its subsequent conversion to partially orientated yarns is described in a United States patent
[58]. Yarns made with the syndiotactic polymer are claimed to be stronger POY
yarns than those made with the isotactic polymer.

1.8

Polyolefin fibres from copolymers

Random copolymers of ethene and propene produce polymers with hard and
soft segments which generally find to be used as rubbers for engineering
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applications [59]. Propene and ethene may be copolymerized using metallocene
catalysts to provide a range of polymer structures that are essentially elastomeric copolymers. The ethene content in these ‘speciality polyolefin
Elastomers’ is reported [60,61] to be less than 20% and so in some respects
these copolymers have the desirable properties of isotactic polypropylene [62],
in terms of relatively low cost, good chemical resistance and ease of manufacture, but with much improved elastomeric behavior [63]. Structurally the propene repeat units along the polymer chain are predominantly in an isotactic
arrangement which leads to crystalline thermoplastic zones. The extent of crystallinity is attenuated by errors in the placement of the propene and the incorporation of ethene in the chain. If such copolymers have high levels of
crystallinity, they are more likely to be thermoplastic isotactic polypropylene
and are not elastomers. These copolymers are currently finding applications in
production of elastic nonwoven fabrics [61,63]. They can be processed by conventional ‘spun bonded’ or ‘melt blown’ technologies, either alone or in melt
blends with isotactic polypropylene [61,63].
Fibres suitable for the manufacture of thermally bonded and spun bonded nonwoven fabrics are reported to be made from a random copolymer of propene and
0.8% by weight of ethene [64,65]. In addition, a proprietary ethyleneolefin copolymer has been synthesized using Dow’s INSITE technology and is used to produce
polyethylene fibres. The continuous filament yarns and fibres spun from this polymer are subsequently treated to impart elastomeric properties. The elastomeric
properties of these ‘Dow XLA’ fibres are due to a molecular network of flexible
polymer chains with two types of inherent structural features, namely ‘hard’ crystalline zones and covalent cross links [66]. These ethylene copolymers have low crystallinity values of the order of 14% compared with values of 50%60% that one
would expect for isotactic polypropylene fibres. The as-spun melt fibre has a crystalline melting point about 80 C. After the cross linking process, the crystalline
regions remain unchanged with the same melting range, but the overall temperature
stability of the fibre is increased to 220 C under both wet and dry conditions; most
likely as a result of the cross linking and stabilization of the polymer chains [66].
In the mid 1980s, high density polyethylene was generally only used for coarse
monofilament spinning and not for multifilament spinning. This was because of
inherent chain entanglement resistance to melt drawing processes to form multifilament type fibres. The use of low molar mass, low dispersity value resins did not
solve the problem because they in turn suffered from both uncontrolled melt thinning and low melt strength resulting in fibre breakage during spinning [67].
Ethylene octane fibre grade resins were reported to behave much like HDPE in
fibre processing because the n-hexel side groups reduced the melt thinning and
allowed the design of polymers with low molar mass and low dispersity values that
could conventionally be melt drawn and orientated to form fibres. The fibres produced from four experimental copolymer resins had tenacities ranging from 1.6 to
2.8 cN/dtex [67].
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Polyolefin fibres from polymer blends or alloys

1.9.1 Definition
In this text, ‘polyolefin blends or alloys’ refers to the addition of another polymer
to improve or enhance some aspect of the physical characteristics of the proposed
textile in a synergistic and commercially advantageous manner. In some cases these
may be blends of miscible polymers or more likely immiscible polymers where the
use of compatibilzing agents may be required to promote interfacial adhesion across
polar and nonpolar matrices. What is excluded here is the long established
technique of melt blending a mix of ‘additive masterbatches’ to the base polymer,
prior to the manufacture of most polyolefin textile materials or indeed the long
established practice of adding 2%3% of polyethylene during the production of
polypropylene slit film yarns to prevent premature longitudinal fibrillation of the
tapes during orientation drawing [68].

1.9.2 Blends of polypropylene with polyethylene terephthalate
The association between polypropylene and polyethylene terephthalate (PET) has
a long history. In 1987, the methodology for the production of slit film tape yarns
from a melt blended alloy of isotactic polypropylene and PET at a synergistic
ratio of 80:20 wt% was reported [69]. The key manufacturing steps were efficient
melt blending of the polyester into the polypropylene matrix and two stage
orientation drawing of the extruded tapes to initially orientate the PET fibrils followed by stretching the fibrils so that the PET fraction dominated the physical
characteristics of the resultant tape yarn. The tensile characteristics of the PP/PET
alloy tapes were enhanced by approximately 20%, which provided excellent
commercial potential for such applications as carpet backing, engineering fabrics,
and ropes. Research on similar polymer alloy tape yarn developments was
simultaneously undertaken by Amoco Corporation, for exactly the same end use
application, and revealed it in their patent publications [70].
While previous commercial application of textile materials from PP/PET
blends has been with slit film tape yarns, the production of fibres using a PP/
PET ratio of 90:10 wt% is described in a People’s Republic of China patent
application [71]. Results indicate a 30% increase in tensile strength of the alloy
fibres compared with the 100% PP fibres. The melt blending of small amounts
of polyester resin, up to about 8%, into polypropylene prior to spinning is well
documented in terms of using the polyester as an attractive dye site for conferring disperse dyeability to polypropylene yarns [7274]. The use of silane
coupling agents to assist the melt blending PP and PET resins prior to fibre
production applications is described in both the patent [75] and the scientific
literature [76].
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1.9.3 Blends of polypropylene with polystyrene
Polypropylene/polystyrene melt blend fibres, with atactic polystyrene content up to
8% by weight have been produced [25]. The addition of polystyrene significantly
improves both the rigidity and creep resistance of the blend fibres. Analysis of the
fibres by scanning electron microscopy indicated that the polystyrene phase was
well dispersed and had a definite fibril-like shape. Orientation drawing was easily
accomplished above the glass transition temperature of both polymers, demonstrating that both components can undergo deformation and thereby contributing to the
fibre structure [34]. Other potential blend polymers have been reported, including
the addition of 5% by weight of polystyrene to the melt blend prior to extrusion to
reduce undrawn fibre crystallinity and assist in the texturizing of multifilament
polypropylene yarns [77].

1.9.4 Blends of polypropylene with liquid crystal polymers
Polypropylene alloy fibres, containing 10% by weight of a liquid crystal polymer,
have been reported [78]. The liquid crystal polymers were found to be dispersed
as fibrils within the polypropylene matrix of the fibres. Orientation drawing gave
no significant improvement in mechanical properties of the fibre compared with
100% polypropylene, thereby demonstrating the lack of interfacial adhesion
between the chemically different polymers. This is where designer compatibilizing agents come into their own to bridge the adhesive gap between chemically
different polymer types.

1.9.5 Blends of polypropylene with high density polyethylene
(HDPE)
The melt blending of polypropylene and high density polyethylene for the production of alloy fibres has been investigated [79]. The addition of liquid paraffin as a
homogenizer was beneficial to the fibre processing. Yarns spun from these blends
demonstrated blend synergism in terms of modulus of elasticity, whereas other
mechanical properties showed more or less additive characteristics.

1.9.6 Blends of polypropylene with polypropylene
Isotactic polypropylene can be readily blended and extruded with another polypropylene of different isotactic content, tacticity or molar mass. However, while the
different phases in the ‘all polypropylene composite’ may have strong interfacial
adhesion, they may have a significantly detrimental effect on the crystalline and
macroscopic structure of the mix and its propensity to be extruded and drawn as
fibre in a convenient and economically advantageous manner. Every polyolefin
fibre extrusion technologist is well aware of the pitfalls involved in cross blending
different fibre extrusion grades of polypropylene.
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Preparative methods for the manufacture of high tenacity polypropylene fibres
by melt blending high isotactic fraction polypropylene (metallocene catalyed) with
a propylene/ethylene copolymer prior to extrusion and orientation drawing has been
reported in the patent literature [80]. Polypropylene fibres, produced from a melt
blend of isotactic and atactic polypropylene, are reported to have enhanced elasticity compared with fibres made from substantially isotactic polypropylene [81].
Such fibres are described to be applicable for the manufacture of nonwoven fabrics.

1.9.7 Blends with polylactides
Commercially available isotactic polypropylene (iPP) and polylactic acid (PLA) polymers were used to produce ‘polyolefin fibres’ that would be partially biodegradable.
Extrusion temperatures were chosen to give good melt miscibility of the components, at
blend ratios from 10 to 40 wt% PLA (Resomer L 207). These enabled fibres to be produced on a laboratory scale spinning machine at nominal take-up velocities of 500 m/
min [82]. Based on FTIR analysis, no chemical interactions between the two polymers
were observed suggesting that fibres are composed of a polyblend of components.

1.10

Polyolefin bi-component fibres

Polyolefin bi-component fibres can be used to manufacture nonwoven fabrics, without the need for chemical binders. The nonwoven products made therefrom can be
heat sealable, heat moldable and have the potential to be laminated to other polyolefin based materials, such as polyethylene film. Most commercial polyolefin
based bicomponent fibres are manufactured with a polypropylene core and a polyethylene sheath. The sheath material is usually composed of either high density
polyethylene (HDPE), low density polyethylene (LDPE), or linear low density polyethylene (LLDPE). Advances in fibre extrusion technology has enabled fibres with
different cross-sectional configurations to be manufactured to meet specific end use
applications, for example, concentric, eccentric, side-by-side or micro fibre splittable [83]. The use of polyethylene as the sheath material has several technological
advantages, for example, it gives the fibre an inherent softness, provides a range of
low bonding temperatures depending on which type of PE is used, and provides a
surface that can be radiation sterilized. In addition, the sheath can be modified to
bind to cellulose based materials, such as paper or cotton fluff. The use of a polypropylene core ensures strength and integrity to the product during the thermal
bonding process and provides a three-dimensional network to produce the nonwoven product. Most commercial bi-component polyolefin fibres are manufactured to
a range of proprietary designs to satisfy different functional needs associated with
the nonwoven process and subsequent end use applications of the material.
The patent literature has several examples of polyolefin bi-component fibres
mainly for use in nonwoven applications. Most bi-component fibres for nonwoven
applications are manufactured on a sheath core basis, with the outer sheath polymer
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having slightly lower melting characteristics than the core so that consolidation of
the nonwoven can be achieved with the application of heat. The production of
sheath core polyolefin fibres, with the core being composed of a melt blend of isotactic and syndiotactic polypropylene polymers, has been undertaken by Atofina
Research [8486]. The make-up of the resultant spun fibre is such that the surface
layer is composed mostly of syndiotactic polypropylene.
The production of polyolefin bi-component fibres composed of a combination of
syndiotactic polypropylene and ethylene-propylene random copolymer in a side-byside arrangement has been described in patents assigned to Fina Technology,
whereby the said fibres can experience crimp and high shrinkage on application of
heat to provide bulk to nonwoven fabrics produced therefrom [87,88].
Polyolefins have been used as the sheath material for bicomponent fibres in
which other synthetic fibre forming materials form the core. For example, the production of nylon-6 core/isotactic polypropylene sheath bi-component fibres, for possible use in commercial carpeting applications has been reported [89]. Maleic
anhydride functionalized polypropylene was used as the in-situ compatibilising
phase between the polar and nonpolar ‘polymer interface’. Carpet samples produced
using these bi-component fibres displayed stain resistance comparable to 100% PP
carpet. However, wear characteristics of these fibres were primarily dependent on
the degree of functionalization (maleic anhydride content) and molar mass of the
polypropylene compatibilizing phase.

1.11

Polyolefin nanocomposite fibres

The melt blending of micron sized inorganic fillers into polyolefin polymers prior
to production of tape yarns has been an established practice for many years. For
example, the inclusion of small quantities of very finely divided calcium carbonate
into polypropylene weaving tapes has the propensity to reduce surface friction and
greatly improve weaving efficiency of circular looms for traditional bag and sack
making [90]. The addition of 20% loadings of calcium carbonate filler into 2000
dtex weaving tapes was only possible if the filler was efficiently pre-dispersed in
the polymer and if the mean particle size of the filler was below five microns [68].
The advent of nanotechnology has enabled the mean particle size of traditional
fillers, such as silica, carbon, calcium carbonate and inorganic clays such as montmorillonite, to be reduced to nano-sized proportions and the concomitant technology developed to disperse these ‘nanosized fillers’ in a polyolefin matrix in
preparation for melt spinning into fibres. Zhu and Wang have reviewed the first
tentative researches on the preparation of nanocomposite polyolefin fibres [34].
fibres containing single-walled carbon nano-tubes, montmorillonite clay and silicon
oxide have been made by various researchers. The addition of nano silicon oxide to
polypropylene fibres was reported to have made a significant improvement in physical characteristics of the fibre, in terms of specific electrical resistance, water
absorption, flex, stiffness and rigidity, and put such fibres on a par with nylon 6.
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Classification of polyolefin fibres and textiles

Depending on what part of the polyolefin textiles industry one is associated with,
the terms polypropylene, polyolefin and polyolefin textiles mean slightly different
things to different people. One may view classification in terms of the structure/
chemical nomenclature of the polymer, or polymer melt processing technology or
commercial end use application of the textile. All three are summarized here to
give the reader a snapshot of polyolefin textiles. As with all classifications, there
are anomalies, for example, flat or profiled tapes can be formed by spinneret extrusion, fibrillated films can be turned into nonwoven fabrics [91,92], HDPE nonwoven fabrics can be ‘flash spun’ from a solution in triflurochloromethane [93], ultra
high tenacity HDPE tape yarns can be produced by the ‘solid state extrusion process’ without melting and mixing the polymer [42], high tenacity HDPE filament
yarns can be spun from solution or dispersion via the ‘gel spinning process’ [37].
The structural chemistry of polyolefins has already been illustrated (see
Table 1.1). Suggested classification of polyolefin textiles in terms of polyolefin
fibre nomenclature, processing technology, and commercial end use application are
shown in Tables 1.61.8.

1.13

Future trends

Currently, research in the United Kingdom is either commercially driven or
research funding council orientated, with stated aims and objectives leaving little
room for genuine ‘blue skies’ thinking. The major technical and potentially
commercial advances in polyolefin chemistry will come from tweaking the polyolefin structure to enhance its inherent properties for a distinct marketable application.
However, too much modification to the structure and it may become something else
Table 1.6

Polyolefin polymer types used to produce polyolefin

textiles
Polymer type

Common name

Acronym

Poly(ethylene)

Low density polyethylene
Linear low density polyethylene
High density polyethylene
Ultra high molecular weight polyethylene
Isotactic polypropylene
Zeigler Natta catalyzed
Metallocene catalyzed
Syndiotactic polypropylene
Isotactic poly(but-1-ene)
Isotactic poly(3-methylpent-1-ene)
Isotactic poly(4-methylpent-1-ene)

LDPE
LLDPE
HDPE
UHMWPE
Iso-PP
ZN-PP
Mi-PP
Syn-PP
PB1
3PMP1
4PMP1

Poly(propylene)

Poly(alpha-olefin)s
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Table 1.7
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Classification in terms of process technology

Process classification

Outline of process technology

Polyolefin textiles derived from a
continuously extruded sheet or film

The polymer is melt extruded through flat or
profiled sheet extrusion dies, into either a
water bath or onto a chilled roller to give a
flat film. The extruded film is usually slit
into tapes, which are subsequently drawn,
annealed, (fibrillated if required), and
wound onto packages. The tapes may be
used directly or further processed (twisted
or plied) to form tape yarns. It is these flat
tape and twisted yarns that are the basic
building blocks for a range of polyolefin
woven and knitted textile materials
Fibres are made by continuous melt extrusion
of the polymer through a multitude of fine
holes in a spinneret plate. The extruded
filaments are cooled in an air stream to
form either a continuous filament tow or a
continuous filament yarn. Filament
formation into a water bath is convenient
for monofilaments. Continuous filament
tows are drawn, annealed crimped and cut
to the desired staple length and baled to
give staple fibres, which may be
conventionally spun alone or in
combination with other fibres. Continuous
filament yarns may be process manipulated
in various ways to produce a range of
finished yarn types directly wound onto a
package. Monofilament yarns are drawn,
annealed and wound onto packages prior to
further twisting and braiding operations.
Mainly melt extrusion technology to
convert the polymer to a fibrous
nonwoven material in a continuous
process. Spun laid and spun bonded
methodologies involve continuous fibre
spinning, drawing, web formation and
web bonding to complete the fabric
production. In the melt blown process the
molten polymer is mixed with hot air at
the extrusion nozzle; fibre formation and
drawing is effected at high air velocities
as the fibres are ‘blown’ onto a moving
conveyor belt to form the fabric [93].

Polyolefin textiles derived from spinneret
extruded continuous filaments

Polyolefin textiles derived from extruded
filaments converted directly to fibrous
nonwoven fabric technology
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Table 1.8 Classification in terms of type of melt extrusion technology and end use application
Polyolefin textiles
derived from
extruded sheet or
film

Polyolefin textiles
derived from spinneret
extruded filaments

Polyolefin textiles derived from
extruded filaments converted
directly to fibrous nonwovens

Slit film tapes
Fibrillated tapes

Tape yarns
Continuous filament
yarns
BCF yarns
High tenacity yarns
Textured filament yarns
Bi-component fibres

Spun bonded fabrics
Melt blown fabrics
Hygiene fabrics
Sanitary fabrics
Medical fabrics
Disposable garments

Bi-component yarns
Staple fibre tows
Monofilaments
Monofilament braids

Apparel interlinings
Upholstery fabrics
Filtration fabrics
Building materials

Netting fabrics

Roofing materials

Medical sutures
Staple spun yarns

Civil engineering and geotextile
fabrics
Floor coverings

Carpet face pile yarns

Wiping cloths

Nonwoven fabrics
Woven upholstery fabrics
Apparel fabrics
Knitted fabrics
Webbing
Woven geotextile fabrics
Antiballistic fabrics
Nonwoven geotextile
fabrics
Nonwoven filter fabrics
Nonwoven sports
surfaces
Stitch bonded fabrics
Curtain header tapes
Weather strip fabrics
Dust exclusion fabrics
Ropes, cords and twines

Durable papers
Agricultural fabrics
Geotextile fabrics

Profiled tapes
Fibres direct from film
Carpet backing
Ropes, cords and
twines
Sacking fabrics
Agricultural fabrics
Circular woven bags
Woven geotextile
fabrics
Woven shade mesh
fabrics
FIBC fabrics
Face pile for sports
surfaces
Industrial sewing
threads
Narrow width webbing
Knitted fabrics
Curtain tapes
Weather strip fabrics
Dust exclusion fabrics
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and fall outside the current definition of polyolefin fibres [4]. Such research trends
have already become the established norm, as witnessed by the commercial launch
of Dow’s ‘XLA elastomeric polyolefin fibres’ and Exxon Mobil’s ‘elastomer based
elastic nonwoven fabrics’.
Polymer chemists in collaboration with textile engineers and textile technologists
will continue to address environmental concerns in relation to the development of
clean and energy efficient manufacturing processes. In addition, polyolefin types
and polymer grades suitable for high speed nonwoven production are in current
development and will be an important research area to satisfy the growth in demand
for innovative nonwoven products that can be manufactured efficiently.
The development of ‘additives’ specifically designed to protect and enhance
polyolefin textiles has created a long-term synergistic relationship between ‘the
polymer’ and its ‘chemical assistants’. The use of antioxidants, UV stabilizers
and pigments played an important role in solving the early technical difficulties
associated with the launching of polyolefin fibres. Currently, there is (probably) an
‘additive package’ developed to fine tune the polymer/fibre characteristics to meet
the required specification for each commercial application.
Polyolefin specific additive packages will continue to be researched and developed. Examples include conferring efficient protection from burning, exploring the
realms of imparting surface characteristics from antistatic all the way to electrical
conductivity and designing and implementing antimicrobial additives that migrate
to and permanently modify the surface of the fibre for medical application.
Polymer and textile technologists are well aware of the effect of ‘additive particle size’ on the efficiency of melt processing for fine and microfibre applications.
Developments with respect to design, manufacture, and use of nano scale additives
have already been initiated [34], and more will follow.

1.14

Conclusions

The year 2009 marks a significant milestone in the history of polyolefin fibres. It is
50 years since the first commercial production of polyethylene fibres/monofilaments and pilot scale production of polypropylene fibres were first reported
[9,16,31]. In terms of polymer type, the majority of polyolefin fibres and textiles
are composed of isotactic polypropylene, high density polyethylene and ultra high
molecular weight polyethylene. While examples of the other poly (alpha olefins)
are included in this text, compared with polypropylene they have had no significant
commercial impact for textile applications. Polypropylene fibres currently account
for at least 6% of global fibre production, or approximately 4.3 million tonnes per
year, of which three million tonnes are filament yarn and the rest staple fibre [55].
The intervening years have seen significant technological developments in terms
of polymers, additives and fibre production technology, the combination of which
has enhanced the inherent advantages of polyethylene and polypropylene fibres for
a whole gamut of innovative textile applications (see Table 1.8).
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The remaining ‘so-called’ disadvantages associated with polyolefin fibres are
systematically being overcome by the use of suitably designed ‘additives packages’.
Nonetheless, incremental improvements in polyolefin fibre performance will continue to be sought, to meet future technological challenges and market demands. As
in the past, the technological supply chain will slot into place, involving collaboration between polymer scientists, textile and production engineers, textile production
technologists and textile designers. The problem will be solved, the product
designed, produced and marketed.
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3rd International Conference on Polypropylene Fibers and Textiles, University of
York: 46 October 1983, published by the Plastics and Rubber Institute.
4th International Conference on Polypropylene Fibers and Textiles, University of
Nottingham: 23rd25th September 1987, published by the Plastics and Rubber
Institute.
Fiber Technology: From Film to Fiber by Hans A Krassig, Jurgen Lenz and
Herman F. Mark, Marcel Dekker 1984.
Fundamentals of Polymer Science: Introductory Text, 2nd edn, by P C Painter and
M M Coleman, CRC Press, 1997.
Handbook of Polyolefin Fibers, by J G Cook, Merrow, 1967.
Handbook of Fiber Chemistry, 3rd edn, edited by M Lewin, CRC Press, 2007.
High-performance Fibers, edited by J W S Hearle, Woodhead, 2001.
International Conference, ‘Polypropylene  the way ahead’, Hotel Castellana InterContinental, Madrid, Spain, 910 November 1989, published by the Plastics and
Rubber Institute.
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Polypropylene, by T O J Kresser, Reinhold Publishing Company, 1960.
Polypropylene and Other Olefins: Polymerization and Characterization, by S Van
der Ven, Elsevier Science Publishers BV, 1990.
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Polypropylene Structure, Blends and Composites, Volume 1, Structure and
Morphology, by J Karger-Kocsis, Chapman Hall, 1995.
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Production and Applications of Polypropylene Textiles, by O Pajgrt, B Reichstadter
and F Sevcik, Elsevier Scientific Publishing Company, 1983.
Structured Polymer Properties: The Identification, Interpretation, and Application
of Crystalline Polymer Structure, by Robert J Samuels, John Wiley and Sons,
1974.
Synthetic Fiber Forming Polymers, by I Goodman, published by Royal Institute of
Chemistry, Lecture Series, 1967, No. 3.
Textbook of Polymer Science, 2nd edn, by Fred W Billmeyer Jr., John Wiley &
Sons, 1971.
Textbook of Polymer Science, 3rd edn, by Fred W Billmeyer Jr., John Wiley &
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2.1

Introduction

Polyolefin fibres are, in effect, aliphatic polymeric hydrocarbons. The chemical elements
of which they are composed are carbon and hydrogen. Thus, polyolefin fibres
possess very low densities (lower than water). The density of polyethylene (PE)
fibres is 0.950.96 g cm23; that of polypropylene (PP) fibres is generally around
0.900.91 g cm23. The densities of other types of polyolefin fibre are also of this magnitude, or even less, depending on the size of the side groups and the predominant crystal
structure in the fibre. In addition, in common with hydrocarbons of lower molar mass,
polyolefin fibres also possess a high degree of resistance to many chemical agents. They
are extremely hydrophobic: their moisture regain, for example, is almost negligible.
As highlighted in Chapter 1, the most important polyolefin fibres in a commercial context are polypropylene (PP) fibres and, to a lesser extent, polyethylene
(PE) fibres. This chapter, therefore, very largely focuses on these two types of fibre.
Other polyolefin fibres which have been produced include poly(1-butene), poly(3methyl-1-butene), and poly(4-methyl-1-pentene) fibres. Although poly(1-butene)
has found use in film and pipe applications and poly(4-methyl-1-pentene) in
medical equipment, microwave oven trays, and a few other products [1], there is in
reality little commercial interest in the fibre processing of these higher molar mass
polyolefins. The structures of all five polyolefins are given in Table 2.1. In addition,
fibres can be produced from copolymeric polyolefins, such as ethenepropene,
etheneoctene and even ethenepropenebutene copolymers: these have all
attracted some commercial interest. More recently, there has also been some interest in fibres from cyclic olefin copolymers, produced from copolymerizing ethene
and cyclic monomers such as norbornene and tetracyclododecene.
With the exception of PE, polyolefins are in practice polymers of α-olefins of
general formula, CH2QCHX, where X represents an alkyl side-chain. The size and
complexity of X largely govern the configuration of the polymer chain. The existence of side-chains results in the presence of alternate tertiary carbon atoms along
the main chain. Branched side-chains introduce still further tertiary carbon atoms
into the polymer. The presence of tertiary carbon atoms has a significant influence
on chemical properties, particularly with respect to oxidation (as discussed in
Section 2.6.2). Moreover, the nature of X indirectly governs the crystalline properties of the polymer and the changes undergone by the crystals during elongational
strain, such as occurs in fibre formation.
Polyolefin Fibres. DOI: http://dx.doi.org/10.1016/B978-0-08-101132-4.00002-3
Copyright © 2017 Elsevier Ltd. All rights reserved.
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Table 2.1

Structures of some polyolefins

Polymer

Repeat unit

Polyethylene
Polypropylene

—(CH2—CH2)—
—(CH2—CH)—
⎜
CH3
—(CH2—CH)—
⎜
CH2
⎜
CH
/ \
CH3 CH3
—(CH2—CH)—
⎜
CH2
⎜
CH3
—(CH2—CH)—
⎜
CH
/ \
CH3 CH3

Poly(4-methyl-1-pentene)

Poly(1-butene)

Poly(3-methyl-1-butene)

The various forms of commercial PE in practice also possess some tertiary
carbon atoms. As noted in Chapter 1, these tertiary carbon atoms arise from
chain branching of the polymer, notably in low density polyethylene (LDPE) and in
linear low density polyethylene (LLDPE). PE fibres are, however, almost always
produced by melt extrusion of high density polyethylene (HDPE) or, far more
commonly nowadays, by gel spinning of ultra-high molecular weight polyethylene
(UHMWPE). In both cases, the low incidence of chain branching signifies few tertiary carbon atoms, and indeed PE fibres are generally considered more stable than
other polyolefin fibres to oxidation.

2.2

Arrangements of polyolefin chains

The simplest approach to the structures of polyolefin fibres, as with other types of
polymer fibres, assumes that the fibres comprise solely crystalline and amorphous
regions. In the crystalline regions, segments of neighboring polymer chains are
formed in well-defined lattice structures, which can be identified by X-ray diffraction. By contrast, it may be considered that the amorphous regions are composed of
assemblies of random interpenetrating chains. However, such a concept of the
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arrangement of polyolefin chains is too simplistic, since it is recognized that various
degrees of organization can exist within and between the constituent polymer
chains. A very full review of the complexities of models for the arrangements of
polymer fibre chains generally has been written by Hearle [2]. Even with polyolefin
fibres, where the need to consider polar interactions hardly arises, the arrangement
of the chains is still complex.
Nevertheless, the various degrees of organization that the polymer chains in
commercial polyolefins can adopt needs to be taken on board. In this respect, the
concept of a spectrum of order/disorder, put forward by Tomka et al. [3] is particularly useful. The most disordered extreme of the spectrum is represented by the
truly amorphous structure, characterized by an assembly of interpenetrating random
chains. There is complete disorder at both intramolecular and intermolecular levels.
The random assembly of polymer chains can be altered to a more extended conformation, accompanied by a parallel arrangement of chain segments. However, this
so-called amorphous structure with correlation can exist only below the glass transition temperature, so in practice it does not apply to the technology of commercial
polyolefin fibres such as PE and PP fibres whose glass transition temperatures are
around 285 C and 25 C respectively [4]. Further ordering now gives rise to regular chain conformations, whereby the chains are parallel but displaced along their
axes, yet the chains’ lateral packing remains irregular. Still further order appears
if the axial displacement is lost and there is more efficient lateral packing.
This degree of ordering is represented by the paracrystalline structure, which has
particular importance in PP fibre technology (see Section 2.3.2). As an alternative,
conformationally disordered, or “condis” crystals may result, in which there is regular packing of chains with some degree of conformational disorder [5]. Further
ordering gives a crystalline structure with defects, and then finally an ideal crystalline structure.
In addition to the concept of the order/disorder spectrum, there are a number of
other important factors. The locations within each fibre of the regions comprising
the various levels of order and disorder should be taken into account. So too should
be the degree of orientation of the polyolefin chains in the direction of the fibre
axis and the degree of orientation of the bonds and segments constituting the
chains. To resolve all these aspects is an ambitious task, although microscopy techniques, such as scanning probe microscopy and environmental scanning electron
microscopy, are useful tools for assisting progress. Molecular and microstructural
modeling techniques are useful too [3].
The degree of crystallinity in a polyolefin fibre can be determined by a variety
of experimental techniques, which include X-ray diffraction, heats of fusion, and
fibre density measurements [4,6]. A method using Raman spectroscopy has also
been reported [7]. However, because of the complex nature of the arrangements
of the constituent polyolefin chains, the concept of degree of crystallinity has
to be treated with caution, and indeed the different techniques can give rise to
different values.
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2.3

Crystalline structures

2.3.1 Polyethylene
PE usually adopts an orthorhombic crystal cell structure. The cell dimensions are
a 5 0.741 nm, b 5 0.494 nm and c 5 0.255 nm. Because there are no alkyl groups
projecting at regular intervals from the backbones of the PE chains, they can
approach one another much more closely than is the case with other polyolefin
chains. As a result, there is close packing of the PE chains, which all lie in a planar
zigzag fashion in the direction of the c-axis. The a and b dimensions, therefore,
characterize the side-by-side packing of the PE chains [8].
Another crystal form, the pseudo-monoclinic, is formed during stretching of
HDPE at low temperatures, such as may occur in some types of PE fibre processing. For example, gel-spun UHMWPE fibres contain mostly orthorhombic
domains, but some monoclinic domains are also present [9].The cell parameters
of the pseudo-monoclinic form are a 5 0.405 nm, b 5 0.485 nm, c 5 0.254 nm,
α 5 β 5 90 , γ 5 105 . Above 50 C, this crystal form tends to revert to the orthorhombic form. A third crystal form of PE, triclinic, has also been identified:
a 5 0.4285 nm, b 5 0.480 nm, c 5 0.254 nm, α 5 90 , β 5 110 , γ 5 108 .

2.3.2 Polypropylene

Intensity

As noted in Chapter 1, the isotactic form of PP is by far the most important form commercially. Three distinct crystalline forms of it have been identified: α-monoclinic,
β-trigonal and γ-orthorhombic. A common feature of all three forms is the helical conformation of the constituent PP chains. The forms display narrow, sharp peaks in
wide-angle X-ray scattering (WAXS) patterns (Fig. 2.1). However, they also display

10

15

20
2θ

α-form

γ-form

β-form

Paracrystalline-form

25

30

10

15

20
2θ

Figure 2.1 WAXS patterns of α, β, γ and paracrystalline polypropylene.
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some features which are highly unusual in polymer crystallography. An excellent
review of the structure and morphology has been written by Lotz et al. [10].
The α-form is the most stable and also the most important in the context
of PP fibres. Its monoclinic lattice has unit cell dimensions: a 5 0.665 nm,
b 5 0.2096 nm, c 5 0.650 nm, α 5 γ 5 90 and β 5 99.3 . The PP chains lie in the
direction of the c-axis. The structure contains both left-handed and right-handed
helical PP chains, and any given helix for the most part lies next to helices of the
opposite chirality [11]. Isotactic α-PP also exhibits a lamellar branching, which
appears to be unique in polymer crystallography [10]. There is now good evidence
that this lamellar branching is an intrinsic property of isotactic α-PP. In PP
fibre extrusion, for example, an additional component whose chain axis is approximately at right angles to the fibre direction may develop at slower fibre take-up
speeds [10].
Crystals of the β-form can be obtained with the use of special nucleating agents.
Initially, it was considered that the β-cell structure was hexagonal [12], but
evidence has since accrued that the cell structure is trigonal: a 5 b 5 0.1101 nm
and c 5 0.650 nm [13,14]. An unexpected feature of the β-structure is that it is frustrated: [10] the structure does not follow the normal crystallographic convention
of structural equivalency. Frustrated structures are often associated with the crystal
lattices of magnetic systems.
The orthorhombic γ-form can be obtained by crystallization of PP at high pressure or of PP with a small proportion of comonomer at low pressure. The γ-form
may also be observed in WAXS patterns of isotactic PP with shorter chain lengths.
It is hence of interest too in connection with metallocene PP, in which there are
shorter isotactic chain lengths on account of occasional regio-irregularities in the
chains [15]. Although the γ-form had originally been considered to consist of triclinic cells, it was revealed by Brückner and Meille [16] that the triclinic cell is a
subcell of a much larger orthorhombic cell: [10] a 5 0.854 nm, b 5 0.993 nm and
c 5 4.241 nm. A strange feature of the γ-form structure is that it consists of a series
of bilayers of antichiral PP chains in a crossed pattern. The chains are tilted at 80
or 100 to one another [10,17].
A paracrystalline, or “smectic,” form has also been identified, whose WAXS
peaks are broad and more poorly defined, and only of moderate intensity (Fig. 2.1).
The PP chains within the paracrystalline structure also adopt a helical conformation
[18]. A liquid crystalline model for the paracrystalline structure is now widely
accepted, proposing a “liquid-like” lateral packing of parallel PP helical chains,
together with a high degree of registry in the direction of the chains [19].

2.3.3 Other polyolefins
The crystal cell structures of the other polyolefins in Table 2.1 are of interest, in
comparison to those of PE and PP. Poly(1-butene) exhibits extensive crystal polymorphism: the crystal forms include I (hexagonal), II (tetragonal), III (orthorhombic) and I0 (hexagonal). Form I is thermodynamically the most stable, but form II is
the form produced on cooling from the melt. Form II then transforms to form I,
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a process which takes several days at ambient temperatures. Forms III and I0 can be
obtained by crystallization from suitable solvents and are transformed to form I on
heating. These crystal changes have severely restricted the commercial potential of
poly(1-butene).
Poly(3-methyl-1-butene) possesses two crystalline forms: monoclinic and
pseudo-orthorhombic. Poly(4-methyl-1-pentene) possesses tetragonal crystals.

2.4

Crystal morphology

The crystallinity in freestanding PE and PP arises from the presence of crystallites,
generally of dimension less than 100 nm. These crystallites are made up of thin
lamellae, and the direction of the polymer chains lies across the thickness of each
lamella. Thus, the chains within each crystallite are folded many times in order that
it can accommodate them. The lamellae, in turn, are arranged into spherulitic structures, whose diameter can be as high as a few mm. Each spherulite grows in a
radial manner from a nucleus. The arrangement of the polymer chains will be
denser and more regular within the spherulites than in the regions between them, so
that clearly defined boundaries are observable.
When undergoing elongational strain, as in fibre formation, the spherulites
become progressively deformed. Although a detailed account of fibre deformation
is outside the scope of this chapter, it can nevertheless be noted here that the resulting improved alignment of the polymer chains along the fibre axis, and the close
proximity of neighboring chains can lead to so-called strain induced crystallization,
from which further crystalline domains are formed.
One particular type of crystal morphology that may be formed as a result of
elongational strain during fibre extrusion is “shish-kebab” morphology (Fig. 2.2).
This type of morphology has been extensively studied in PE and PP. Shish-kebabs
are formed by a two-stage crystallization process [20,21]. In the first stage, there is

Figure 2.2 Schematic representation of shish-kebab morphology.
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the formation of crystalline (shish) fibrils as a consequence of the strain. The fibrils
are aligned in the direction of the fibre axis. In the second stage, the fibrils act as
nuclei for the epitaxial growth of (kebab) lamellae. The detailed nature of the shishkebab structure depends on the type of extrusion process, the extrusion temperature
and the extent of strain involved. After melt extrusion, the kebabs may have such a
high density that they conceal the underlying shish fibrils. The resulting structures
are sometimes called cylindrites [22].

2.5

Chemical properties

2.5.1 Chemical resistance
In common with other hydrocarbons, polyolefins generally exhibit very high chemical resistance. They are resistant to chemical attack by alkalis, mineral acids, and
most organic liquids. However, polyolefins are prone to oxidation, as discussed further in Sections 2.6.2 and 2.6.3. They are oxidized by strong oxidizing agents, such
as hydrogen peroxide and concentrated nitric acid.
Despite their resistance chemically to many organic liquids, polyolefin fibres are
swollen by very many of them, especially at elevated temperatures. Indeed, some
organic liquids dissolve polyolefins at sufficiently high temperatures. These liquids
include decalin, tetralin and a variety of chlorinated aromatic hydrocarbons. It
should be noted too that stabilizers present in a fibre can be leached out of the fibre
by some detergents and organic liquids, with a resultant reduction in fibre durability.

2.5.2 Pyrolysis
In the absence of oxygen, PE is stable up to ca. 315 C [23] and PP is stable up to
ca. 350 C [24]. These temperatures are well above the normal fibre processing temperatures for these polymers and, therefore, fibre processing is not normally hampered by pyrolysis. Shear of the polyolefin melt may induce degradation of its
constituent chains. In practice, however, suitable design of the extrusion equipment
and the correct throughput rate for the polymer will normally overcome shearinduced chain degradation.

2.6

Oxidation of polyolefin fibres

2.6.1 Introduction
By far the most deleterious reactions that polyolefin fibres can undergo are oxidation reactions. Unless suitable additives are present within the fibres, polyolefins
are highly prone to both thermal and photochemical oxidation. Oxidation gives
rise to inferior fibre mechanical properties and sometimes also to undesirable
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discolorations. Oxidation may be promoted too if some types of metal are present,
although the presence of chelating agents often impedes the action of these metals.

2.6.2 Thermal oxidation
2.6.2.1 Overview
Thermal oxidation of polyolefins causes appreciable degradation at elevated temperatures. Degradation is, therefore, a particular problem in the melt-extrusion of
polyolefin fibres, where sufficiently high temperatures may be sought to achieve
the desired melt flow properties. If degradation has started to occur, it can often be
detected by an increase in melt flow index [25].
Thermal oxidation of polyolefins occurs through a complex pathway of chain
reactions involving free radicals. Nevertheless, as with any series of free radical
reactions, the thermal oxidation process embraces radical initiation, propagation
and termination. Chain branching reactions too play a significant role. However,
none of these reactions accounts for the chain degradation that takes place
during thermal oxidation. Thus, scission of the polyolefin chains must also be
involved.

2.6.2.2 Initiation
Initiation mostly occurs through abstraction of hydrogen atoms from the polyolefin
chains by singlet oxygen molecules:a
PH1 1 O2 ! PU 1UOOH

(2.1)

The most readily abstracted hydrogen atoms are those that are linked to tertiary carbon atoms. As the initiation reaction occurs within a polymer cage [26], the products of the reaction may also recombine, to form a hydroperoxide:
PU 1UOOH ! POOH

(2.2)

Initiation may also occur to some extent through:
PH ! PU 1UH

(2.3)

2.6.2.3 Propagation
After initiation, there follows a series of propagation reactions, from which further
hydroperoxides are formed. The number of free radicals during propagation remains
constant, although propagation does cause the radical sites to move [26]. The key
propagation steps may be summarized as follows:
a

Throughout this chapter, P refers to polyolefin and P indicates a phosphorus atom.
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PU 1 O2 ! POOU

(2.4)

POOU 1 PH ! POOH 1 PU

(2.5)

PH 1 HU ! H2 1 PU

(2.6)

PU 1 P0 H ! PH 1 P0U

(2.7)

PH 1UOOH ! PU 1 H2 O2

(2.8)

OHU 1 PH ! PU 1 H2 O

(2.9)

2.6.2.4 Branching
Chain branching causes an increase during course of the thermal oxidation process
in the number of free radicals. The branching process involves the decomposition
of the hydroperoxides formed in the initiation and propagation steps, and becomes
more significant with increase in hydroperoxide concentration:
POOH ! POU 1UOH

(2.10)

2POOH ! POU 1 POOU 1 H2 O

(2.11)

2.6.2.5 Termination
In chain termination, free radicals combine to give stable non-radical products.
Chain termination steps, therefore, serve to reduce the number of free radicals.
A variety of termination reactions may occur, including:
POU 1UH ! POH

(2.12)

POOU 1UH ! POOH

(2.13)

PU 1UP0 ! PP0

(2.14)
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POU 1UP ! POP

(2.15)

PU 1UPOO ! POOP

(2.16)

2POOU ! POOP 1 O2

(2.17)

POOU 1UP ! POOP

(2.18)

Termination products, POOP, contain a hydroperoxide link, which is capable
of dissociation into POU radicals. Further chain branching would then result.

2.6.2.6 Chain scission
Chain scission encompasses those processes that lead to degradation of the polyolefin chains and consequent weakening of fibres. The scission of PP chains can usefully be given here as an example. Various reaction paths may be involved, the
most common one being the unimolecular β-scission of carbon- and oxygencentered radicals [26]. Scission of carbon-centered radicals occurs by:

H
H
|
|
−CH2−C−CH2−C− + P·
|
|
CH3
CH3
↓
H
|
·
−CH2−C−CH2−C− + PH
|
|
CH3
CH3
↓
·
−CH2−C=CH 2 + CH 3−CH−
|
CH3

ð2:19Þ

An olefin and a new free radical are formed. The olefin is even more prone to oxidation than a saturated hydrocarbon, and the new free radical can take part in further oxidation steps [26].
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Scission of oxygen-centered radicals occurs by:

ð2:20Þ

⎯⎯→

.
O
|
−CH2−C−CH2−CH−CH2−
|
|
CH3
CH3
↓
−CH2−CO−CH3 + ⋅CH2−CH−CH2−
|
CH3
CH3
\·
C−CH2−
/
CH3

In this case, a product containing a carbonyl group and a further carbon-centered
free radical are formed.

2.6.3 Photo-oxidation
Polyolefin fibres are degraded during use by ultra-violet radiation in the range of
300400 nm. Photo-oxidation of the polyolefin chains is caused particularly by the
presence of hydroperoxides and to a lesser extent by the presence of carbonyl
groups [27]. These photoactive species are produced in small quantities during the
processing of a polyolefin fibre.
Hydroperoxides possess a high initiating capacity. They are photochemically
cleaved into free radicals:
hν

POOH ! PO 1  OH

(2.21)

Carbonyl groups, by contrast, possess much lower initiating capacities. They may
decompose via a Norrish Type I reaction, which gives rise to two free radicals:
hν

2CH22CH22CH22CO2CH22 ! 2CH22CH22CH2  1 CO2CH2 2
(2.22)
However, these free radicals largely recombine [27]. Decomposition may also occur
via a Norrish Type II reaction, which produces a terminal carboncarbon double
bond and a methyl ketone:
hν

2CH22CH22CH22CO2CH22 ! 2CHQCH2 1CH32CO2CH22

(2.23)
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In the case of PP, additional means of initiating photochemical oxidation has been
shown to be through the formation of excited charge transfer complexes between
PP and oxygen:

hν
PH 1 O2 ! ½P2 HUUUUUUO2  ! PH1UUUUUUO2 2  ! PU 1U OOH ! POOH
(2.24)
The formation of hydroperoxide then induces photo-oxidation.
After the initiation process, propagation, branching, termination and chain scission all occur, in a manner similar to the corresponding stages described in
Section 2.6.2.

2.7

Stabilizers

2.7.1 Introduction
The oxidation of polyolefin fibres is inhibited by the incorporation of antioxidant
stabilizers into the fibres. Some of these stabilizers are added to prevent thermal
oxidation during melt extrusion of the fibres, and others are added to confer stability against ultra-violet (UV) radiation during the lifetime of the fibres. As discussed in the following sections, an antioxidant may be either a primary or a
secondary stabilizer, and the two types of stabilizers are often used in conjunction. In both the cases, the mechanisms by which these stabilizers operate are
complex, and their effectiveness can be compromised by the presence of other
types of additive. For example, the effectiveness of some UV stabilizers can be
reduced by flame-retardant systems, especially those containing halogen atoms,
such as decabromodiphenyl oxide and hexabromocyclododecane.

2.7.2 Primary stabilizers
A primary stabilizer terminates the oxidation process by forming free radicals that
are insufficiently active towards oxygen for the chain reactions to continue. Many
primary stabilizers used to inhibit thermal oxidation are hindered phenols. An
example of a hindered phenol that has been used to stabilize PP fibres is 2,6-di-tertbutyl-p-cresol:
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However, hindered phenols of substantially higher molar mass are generally
preferred, as they are less liable to sublime and are more resistant to extraction.
One example is butylidene bis-(3-methyl-6-tert-butyl phenol):
CH3 C3H7 CH3

OH

OH

although a number of hindered phenols of even greater molecular complexity have
been introduced [24].
Hindered phenols, represented here as YH, scavenge radicals in the following ways:
PU 1 YH ! PH 1 YU

(2.25)

POU 1 YH ! POH 1 YU

(2.26)

POOU 1 YH ! POOH 1 YU

(2.27)

In each case, there is a chain transfer reaction, which gives rise to a non-radical
product and a relatively stable oxygen-centered free radical. Through delocalization
of this free radical, a quinone structure is formed, which is then able to quench a
further free radical by a termination reaction, e.g.:
OH

O•
PO •

+ POH

CH3

CH3

O

O

ð2:28Þ
PO •

CH3

OP

•
CH3

Thus, one molecule of the hindered phenol may quench up to two olefin free radicals.
One disadvantage of phenolic stabilizers is their propensity to develop color. This
problem arises from the quinone structures formed during the stabilization process.
Moreover, interactions with initiator fragments in the polyolefin chain can intensify
this color development, and the action of atmospheric pollutants, such as nitric oxide,
can also cause undesirable color. Since fibres possess a high surface area to volume
ratio, discoloration on account of hindered phenols can be particularly problematic.
The choice of hindered phenol, therefore, requires care, but several hindered phenols
have been made commercially that resist coloration by these pollutants [26].
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A more recently introduced class of primary stabilizer are lactones,
which function principally as carbon-centered radical scavengers. Lactones are often
used together with phenolic stabilizers, which tend to scavenge oxygen-centered
free radicals preferentially. One example of a lactone scavenger is IRGANOX HP136, manufactured by BASF. Its mechanism of action is considered to be:

ð2:29Þ

2.7.3 Secondary stabilizers
Secondary stabilizers remove hydroperoxides which, as shown in Eqs. (2.10) and
(2.11) may be cleaved into two radicals. The presence of secondary stabilizers hinders the generation of these radicals and hence hampers the start of fresh oxidation
cycles. Secondary stabilizers are so termed because they perform best when primary
stabilizers are present, owing to a strong synergistic effect between them [26].
The most commonly used secondary stabilizers are thioesters and tertiary phosphite
esters. Their reactions with hydroperoxides can be represented as:
thioesters:

RO-OC-CH2-CH2-S-CH2-CH2-CO-OR + POOH

O
II
RO-OC-CH2-CH2-S-CH2-CH2-CO-OR + POH

ð2:30Þ

The structural and chemical properties of polyolefin fibres

47

phosphite esters:

O
II
P(OX)3 + POOH → P(OX)3 + POH

ð2:31Þ

The commonest thioesters are dilauryl thiodipropanoate (DLTDP) and distearyl
thiodipropanoate (DSTDP):

O
II
(C12H25-O-C-CH2-CH2)2S

O
II
(C18H37-O-C-CH2-CH2)2S

DLTDP

DSTDP

DSTDP appears to be superior in stabilization at higher temperatures against thermal
oxidation [24], probably because it is less volatile owing to its higher molar
mass. Although effective as secondary stabilizers at the elevated temperatures used for
processing polyolefin fibres, thioesters are far less effective at ambient temperatures.
Some of the earliest phosphite stabilizers to be launched were triphenyl phosphite and diphenyl isooctylphosphite:

O

P
3

Triphenyl phosphite

O

P O C8H17
2

Diphenyl isooctylphosphite
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Phosphites with more complex structures are now more commonly used, including cyclic polyphosphites such as:
Weston 618
O

O

O

O

P

C18H37 O P

O

C18H37

Ultranox 626

O
O
O

P O
O

P
O

In general, tertiary phosphites are preferred over thioesters as secondary
stabilizers for polyolefin fibres [24]. Phosphites are considered to be more compatible both with polyolefins and with primary stabilizers. They are more effective than thioesters as secondary stabilizers at ambient temperatures, while also
more effective synergists against polyolefin degradation at the elevated temperatures used for fibre processing. It is known too that phosphites suppress the
discoloration of PP fibres that can be induced by the presence of phenolic
stabilizers [24].

2.7.4 Hindered amine stabilizers
Hindered amine stabilizers (HAS) are incorporated principally to protect
polyolefin fibres against ultra-violet radiation. Although stabilization against
ultra-violet radiation can also be achieved by ultra-violet absorbers and energy
quenchers [24], HAS are much the most dominant photo-stabilizers, and are very
effective even at a level of 0.1% (w/w). Protection against ultra-violet radiation
is particularly important for polyolefins in fibrous form, in view of the very high
ratio of surface area to volume that fibres possess. HAS have been traditionally
known as hindered amine light stabilizers (HALS), but many types of HAS currently in use also provide good thermal stability to polyolefin fibres, especially
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below ca. 110 C. Most of the stabilizers contain 2,2,6,6-tetramethyl piperidyl
groups:
R

NH

Indeed, in many cases, the HAS molecule comprises several of these structures or
may even be polymeric.
Although HAS possesses amine groups, these groups are not the active species
in scavenging free radicals. The active species are in fact the nitroxyl radicals
formed by photo-oxidation of the amine groups, though the oxidation mechanism
has not yet been fully resolved [28]. The nitroxyl radical acts as a primary stabilizer, by trapping a free radical in the fibre:
R

R

+

P.

ð2:32Þ

N

N

O.

OP

However, this mechanism alone is unlikely to account for the efficient stabilization
conferred by HAS [27]. It is proposed that the amino ether produced can react rapidly with peroxy radicals to regenerate the original nitroxyl radicals:
R

R

+ POO.

+

N

N

OP

O.

POOP

ð2:33Þ

The regeneration process eventually ceases: in each regenerative cycle, some of
the HAS is lost, and some inefficient radical scavengers are also generated [26].
There is strong evidence too that, in PP, HAS can induce the decomposition
of hydroperoxides and so also act as secondary stabilizers. It has been proposed
that HAS and hydroperoxides can form complexes by virtue of the amine groups
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in the HAS molecules, and that these complexes can then react with peroxy
radicals:
POOU

.NH 1 HOOP2½ .NHUUUUHOOP ! .NOU 1 POOP 1 H2 O

(2.34)

Alternatively, photolysis of the associated complex can lead to the formation of
hydroxylamine and amino ether compounds:
hν

½.NHUUUUHOOP ! .NOH 1 POH
hν

½.NHUUUUHOOP ! .NOP 1 H2 O

(2.35)
(2.36)

Other stabilization mechanisms have also been proposed [27].

2.7.5 Interactions between stabilizers
In practice, several types of antioxidants are used in combination. Thus, as noted in
Section 2.7.1, secondary antioxidants are usually combined with primary antioxidants for a synergistic effect, as stabilization from secondary antioxidants alone is
generally inadequate. Moreover, it has already been noted in Section 2.7.2 that lactones are commonly used alongside phenolic antioxidants.
Care does, however, have to be exercised in mixing antioxidants. The action
of HAS can be impaired by the presence of thioesters, an effect that has been
attributed to the prevention of the formation of nitroxide radicals [28]. By contrast,
some phosphite esters can act synergistically with HAS, whereas others act
antagonistically.

2.8

Surface chemistry of polyolefin fibres

2.8.1 Surface energy and wetting
So far, the bulk chemistry of polyolefin fibres has been considered, but the surface
chemistry of the fibres is also important to a number of their technical properties,
such as wetting characteristics and application of spin finishes.
Because polyolefin fibres consist of aliphatic hydrocarbon polymers, their surface energies compared with fibres made up of more polar polymers are low.
However, the surface energies of fibres, and indeed of solids generally, are difficult
to determine confidently, because no direct method is available. One approach,
widely adopted by textile scientists and technologists, is that devised by Zisman
[29,30]. In this approach, the advancing contact angles, θ, of a wide range of nonpolar and weakly polar liquids are measured on the surface of the solid of interest.
A plot of cos θ against the surface tensions of the liquids, γLG, is constructed.
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Table 2.2

20 C

51

Surface energies of some synthetic fibres at

Fibre

Surface energy (mJ m 22)

PTFE
PP
PE
Polyester
Polyacrylonitrile
Nylon 6:6

18
31
31
43
45
46

The value of the surface tension that corresponds to cos θ 5 1, i.e., zero contact angle,
is determined by extrapolation of the plot. This value Zisman has called the critical
surface tension, γc, of the solid. Comparison of the values of γ c between solids
enables comparison of their surface free energies. Table 2.2 lists the surface energies
of some synthetic fibres at 20 C, determined by Zisman’s method. Polyolefin fibres
thus possess some of the lowest surface energies amongst synthetic fibres. Only fibres
composed of fluoropolymers possess even lower surface energies.
Zisman’s approach has been the subject of considerable criticism amongst
surface scientists. There is an inherent error in the extrapolation of the Zisman plot
to cos θ 5 1. Moreover, there is the underlying assumption that at θ 5 0, corresponding to maximum wetting, the liquid and solid possess the same surface
tensions, although the reason for this is not clear [31]. Nevertheless, support for
Zisman’s approach has come from a theoretical derivation propounded by Good
and Girifalco [32].
An alternative approach has been proposed by Fowkes [33]. Fowkes derived the
equation:
1

cos θ 5 2ðπe =γ LG Þ  1 1 ð2=γ LG Þðγ sdU γ LG d Þ /2 ;
where πe corresponds to the reduction in the surface energy of the solid, resulting
from adsorption of vapor from the drop of liquid. The parameters, γ sd and γ LGd,
refer respectively to the non-polar contributions to the surface energy of the
solid and to the surface tension of the liquid. For polyolefins, virtually the only
contribution to their surface energies is non-polar: hence γ sd represents the actual
surface energy of a polyolefin. Moreover, where the contact angles, θ, for a series
of non-polar liquids are measured on a polyolefin surface, γLGd 5 γ LG, and πe is
zero [33]. Thus,
1

cos θ 5 211 2ðγ sd =γ LG Þ /2 :
The surface energy of the polyolefin may, therefore, be determined from the slope
of a plot of cos θ against γ LG2 / . The surface energy of polyethylene at 20 C,
1

2
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determined by Fowkes’ approach is 3536 mJ m22, depending on the extent of
chain branching, and hence quite similar to that determined by Zisman’s method
[33]. The surface energy of polypropylene is 30.1 mJ m22.
Thus, the various approaches adopted to determining the surface energies
of polyolefin substrates yield broadly similar values. It is evident that
polyolefin fibre surfaces are not wetted by most aqueous media, because water
possesses an especially high surface tension: 72.8 mN m22 at 20 C. This conclusion is to be expected, given the hydrocarbon nature of polyolefins and the
high polarity of water molecules. Indeed, polyolefin fibre surfaces are highly
hydrophobic.

2.8.2 Application of spin finishes
The use of spin finishes is an important factor in the processing of polyolefin fibres
[34]. Spin finishes have a variety of functions. For example, they must provide low
friction between individual filaments in a fibre assembly and protect the fibres from
wear, particularly during their processing. They must, therefore, possess good lubricating properties. In addition, spin finishes must act as effective antistatic agents, a
function that is especially important in the case of polyolefin fibres. Importantly
too, a spin finish should wet the fibres readily and so spread easily over the fibre
surfaces. There are several other requirements too, such as non-toxicity and resistance to micro-organisms. Thus, a spin finish has a complex formulation.
It is clear then that there are many factors influencing the formulation of an
effective spin finish. Particularly prominent amongst these factors is the ability of
the finish to wet the fibres, an ability governed not just by fibre surface morphology
but also by fibre surface chemical structure. For the application of spin finishes to
polyolefin fibres, the low surface energies of the fibres have to be taken into
account. Thus the initial wetting of polyolefin fibres can only be achieved by a spin
finish of very low surface tension. However, spin finishes are generally applied as
aqueous emulsions, in view of the variety of ingredients they contain. Special wetting agents, therefore, are needed to be included in spin finish formulations for
polyolefin fibres, in order to ensure full coverage of the fibres by the finish.
Moreover, if the water present in the spin finish completely evaporates, the degree
of coverage of the fibres may be substantially diminished.
It is not surprising, then, that there has been extensive effort in devising
new ranges of spin finishes for polyolefin fibre processing. The types of lubricants, such as mineral oils and fatty esters of low viscosity, commonly used in
the processing of other types of synthetic fibres, cannot readily be applied to
polyolefin fibres. Although such finishes wet polyolefin fibres well, they also
migrate into the bulk of the fibres and swell them. Examples of lubricants commonly used in spin finish formulations for PP fibres are alkoxylated long chain
alcohols, alkoxylated triglycerides, pentaerythritol esters and fatty acid polyglycol esters.
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2.8.3 Gas plasma treatments
One of the most exciting developments in polyolefin fibre technology is the application of gas plasma treatments [34,35]. In contrast to most surface treatments, the
fibre surfaces themselves can be altered through the application of gas plasmas,
whilst the fibre bulk remains unaffected. Plasma treatments were first used some
decades ago, but it is only much more recently that they have been developed on a
commercial scale. Gas plasmas are energetic sources of radiation and chemical species that have a complexity of interactions both with one another and with the substrate being treated. The plasma atmosphere consists of a mixture of ions, free
radicals, electrons and UV radiation.
A variety of different gases may be used for plasma treatments, and even mixtures of gases have been tried. Depending on the nature of the gas and the conditions under which the plasma is generated, different effects may be experienced by
the solid surface. In the case of synthetic fibres, a number of possible effects can be
identified. Thus, plasma treatment with a noble gas such as helium or argon may
alter the detailed topography of the surface, to generate roughness on a micro scale
and increased surface porosity. Plasma treatment with gases such as oxygen, nitrogen and ammonia also alters the chemical nature of the surface through the introduction of various functional groups (e.g., COOH, OH, NH2, CF3, etc.)
within the polymer chains at the fibre surface. Plasma treatment may in addition
cause the deposition of a very thin polymeric coating on the fibre surface. This
polymeric coating often has a highly crosslinked structure. Hydrocarbons and fluorocarbons can, for example, bring about plasma polymerization.
Plasma treatments may be applied under atmospheric or vacuum conditions. In
processing terms, plasma equipment operating under atmospheric conditions can be
incorporated in a production line [36], but modification of the fibre surface is often
less stable and less reproducible. Vacuum plasma treatments, on the other hand,
require more sophisticated equipment but provide often stronger, more stable fibre
surface modifications [37].
There are a number of attractions in the application of plasma treatments to
polyolefin fibres. Coating techniques traditionally provide means of adapting fabric
surfaces to confer particular desired properties, but polyolefin textile surfaces are
more difficult to coat successfully than many other synthetic fibre surfaces. Thus,
plasma treatment offers an alternative approach, which is also, importantly, a
“clean” technology in an environmental sense.
For any application of polyolefin fibres which requires good interaction with
more polar environments, notably aqueous environments, the hydrophobicity of
the fibre surface becomes a disadvantage. With the aid of suitable plasma treatments, such as oxygen plasma treatments, the fibre surfaces become more hydrophilic due to the introduction of a variety of polar groups at the surface. This
effect has been shown for polyethylene fibres [38]. It has also been shown by environmental scanning electron microscopy (ESEM) of water droplets resting on PP
fibres that have been treated with oxygen plasma. In one example, the contact angle
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of the water droplets on the fibre surfaces decreased from 99 to 47 , and it is noteworthy too that the profiles of the water droplets were significantly altered [39].
With increasing time of treatment by oxygen plasma, the droplets became more and
more flattened in a direction at right angles to the fibre axis. X-ray photoelectron
spectroscopy (XPS) confirmed that, after oxygen plasma treatment, oxygen was
present on the fibre surfaces and that there was a build-up of carbonoxygen
bonds [40]. However, the mechanisms by which oxygen and other gases confer
increased hydrophilicity on polyolefin fibre surfaces are far from fully resolved.
From other work, it has been deduced that, when PP is treated with oxygen
plasma, there is negligible insertion of oxygen as a result of reaction with active
sites on the polymer [41,42]. It has been suggested that instead there is formation of
a surface layer of a random copolymer consisting of oxidized and unoxidized segments. The layer, once formed, then rearranges itself over time, to lower the free
energy at the fibre surface. The type and extent of rearrangement depend on the
medium in which the fibre finds itself. The rearrangement can be considerably
reduced by prior treatment of the PP fibres with helium or argon plasma, through
cross-linking of the polymer chains at the surface [37]. The treatment, called
CASING (cross-linking by activated species of inert gases) also induces crosslinking at PE fibre surfaces [38].
One consequence of the hydrophilicity conferred by these gas plasma treatments
is the increased attraction not only to water but also to any solutes present. Some
gas plasma treatments enable polyolefin fibres to attract dye molecules to their surfaces. Given the inability of polyolefin fibres to be dyed by conventional means,
except where suitable additives have been deliberately incorporated, gas plasma
technology provides a useful approach to dyeing [43].
Hydrophilic polyolefin fibre surfaces are advantageous for other applications. In
biomedical applications, the polar groups on the fibre surfaces can act as anchoring
sites for a wide range of biological molecules [44]. Polar groups also increase the
reinforcing effect of PP fibres in cements, by promoting adhesion between the
fibres and the cement matrix [45].
Polyolefin fibre surfaces may also be made more oleophobic. This increased
resistance to oils can be useful in some filtration systems. Increased hydrophobicity
can be conferred by plasma treatment with a fluorocarbon, such as tetrafluoromethane or hexafluoroethane. Although these gases are expensive, very little indeed
is required for surface modification. Fluorocarbon plasma treatments cause the
deposition of fluorinated plasma polymers. One report has shown that a variety of
fluorinated functional groups are present at the fibre surface [46]. These groups
include CHF, CF2, CF3 and even CH2CF2.
One particular advantage provided by plasma treatments is the scope for grafting
vinyl polymers to polyolefin fibre surfaces. Through grafting, the surfaces can be
tailored to suit a wide variety of applications, and indeed there is likely to be scope
for new applications. The fibres can be treated, for example, by a noble gas plasma
such as argon plasma, and then exposed to a vinyl monomer such as acrylonitrile or
acrylic acid. The plasma treatment creates free radicals on the fibre surfaces, which
then initiate polymerization of the monomer [44,47].
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An important technological aspect is the durability of plasma treatments. It is
known, for example, that the wettability of PP films treated with ammonia plasma
decreases over a period of time. However, as described above, durability can often
be enhanced through pretreatment with helium or argon gas plasma, which
increases the mechanical resistance of a fibre surface through cross-linking of the
polymer chains at the surface [38].
To obtain a clearer understanding of the effects of plasma treatments on the
chemistry of polyolefin fibre surfaces will require a combination of sophisticated
approaches. Indeed there is a pressing need generally in textile technology for
improved understanding of plasma treatments, so that processing conditions can be
more readily formulated. In this respect XPS and secondary ion mass spectrometry
(SIMS) are undoubtedly valuable tools for studying the chemical changes both at
the fibre surface and within the processing chamber. ESEM is particularly useful
for the reliable determination of contact angles of aqueous media on individual
polyolefin fibres. It can also be utilized in a similar manner for determining the
contact angle of oils [48].

2.9

Sources of further information

One source that provides what is still a good foundation to PP fibre chemistry is
Chapter II of Ref. [24]. Another useful source is Ref. [26]. Reference [22] gives
detailed information on the structural properties of polypropylene. As mentioned in
Section 2.1, most PE fibres are produced from UHMWPE. A good account of the
properties of these fibres can be found in Ref. [9].
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3.1

Introduction

Polyethylene (PE) and polypropylene (PP) are very important polyolefin polymers
and the fastest growing polymer family. Polyolefins cost less to produce and process than many other plastics and materials they replace. Indeed, PP is a versatile
and widely used synthetic polymer for hygienic applications like food packaging,
surgical masks, diapers, hygiene bands, filters, etc. Polyolefins are also important
for fibres and films; PP fibres are used widely in upholstery fabrics, geotextiles,
and carpet backing. Evidently, because of the low cost, high strength, high toughness, and resistance to chemicals, PP fibres find a broad spectrum of use in the
industrial and home furnishing sectors. However, PP fibres do not enjoy comparable
popularity in the apparel sector of the textile industry; one of the main reasons
being lack of dyeability. The reasons for the inability of PP to be colored by conventional dyeing techniques used for other synthetic fibres are its high crystallinity,
nonpolar nature, and lack of functional group to hold dye molecules [1]. Most of
the commercially available PP fibres are colored by mass pigmentation [2]. Though
the process produces deep and stable colors and is economical for long run productions, it suffers as a result of the limited number of shades available and the process
is not applicable in textile dyeing and printing operations.
Several approaches, including modification of the fibre, use of new colorants
and use of dye receptors in the unmodified fibre, have been tried to improve dyeability but practically no lasting success has been achieved [27].
This chapter discusses the strength properties of various forms of polyolefins,
the effects of time and temperature on the mechanical properties of PP films and
fibres, as well as the overall structural mechanics of polyolefin fibrous materials,
composites and the exciting impact of auxetic polyolefins in protective and innovative structures.
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3.2

Polyolefin Fibres

The structure and mechanics of polyolefin
fibrous materials

A typical ultra high modulus PE is a thermoplastic polymer with a density of
0.97 g/cm3, melting point of 144  C, tenacity of 30 g/den. and stiffness (flexural
rigidity) of 14002000 g/den. The other major polyolefin polymer is PP with melting point in the range of 160170  C.
Isotactic PP is a semicrystalline polymer containing three different crystallographic forms [8]: monoclinic α crystallites, hexagonal β structures, orthorhombic γ
polymorphs, and “smectic” mesophase (arrays of chains with a better order in the
longitudinal than in transverse chain direction). At rapid cooling of the melt (which
is typical of the injection-molding process), α crystallites and smectic mesophase
are mainly developed, whereas β and γ polymorphs are observed as minority components [9].
The structural features responsible for the higher strength and thermal stability
of isotactic PP (i.e., having the higher degree of crystallinity and stereo regularity)
limit the internal volume accessible to the dye molecules. Another serious disadvantage is the completely nonpolar aliphatic structure of PP.
Modification of PP can impart new properties to the fibre. In the past this was
done by grafting various agents or by introducing in PP melt, prior to molding,
numerous high and low molecular weight substances that exhibit affinity for particular dyes. Modification methods by fibre treatment can be divided into two groups:
chemical treatments, in which the polymer structure is chemically altered, and
infusing treatments, in which foreign materials are infused into the fibre to become
dye receptors.
Spinning of PP from melt has been done for long and well established. However,
in order to produce fine fibres, melt blowing process is practised. During the melt
blowing process, molten thermoplastic polymer (e.g., polyolefin) is extruded
through minute orifices into a stream of hot air that attenuates the polymer to small
fibres which are collected in the form of nonwoven mat. The hot air aids attenuation of the fibres and carries it towards the collector. The polymer pellets are heated
in the extruder and forced through the die nozzles into a stream of hot air flowing
at high velocity. As the stream of air containing microfibres moves towards the collector it traps the surrounding air that cools and solidifies the fibres. Acceleration of
extrudate rapidly towards the collector helps attenuation and orientation. The turbulent drawing process helps in attenuation by area reduction of about 1,600,000
times which is much higher in comparison to the area reduction during melt spinning which is of the order 6400 times. Variation in fibre diameter and molecular
orientation is high in the case of fibres produced by melt blowing process [10].
Multiple drawing occurs due to the expanding jet created when the hot air
encounters ambient air that accounts for variation in properties of fibres that are
melt blown.
Research is on-going to develop a novel process for producing ultrafine nanofibres based on melt electrospinning [11]. The process of melt electrospinning of PP
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uses hot air to maintain the polymer in molten condition for a long duration as in
melt blowing of PP. The processability of the polymer melt is highly dependent on
its rheological properties and the melt flow index for commercial PP varies from
0.25 to 1200. High melt flow rate (MFR) has been particularly important for processes like spunbond and melt-blown techniques. The grade of PP for melt electrospinning can be similar to the one being used for melt blowing which has a high
MFR. Thus it can be expected that melt blowing grade PP would be a good polymer
of choice to establish the melt electrospinning process.

3.3

The mechanical properties of polyolefin fibres
and films

3.3.1 General considerations
Generally PP like other melt-spun fibres is subject to drawing that increases its
strength and modulus and decreases its elongation [12]. Results published by
Samuels [13] showed that a minimum annealing temperature required to transform
a moderately oriented spun PP fibre into a hard elastic fibre is 130 C. Extraction of
low molecular weight polymer materials and loss of stabilizers from the polymer
film affect the mechanical properties of the polymer films.
Ugbolue and Uzomah [14] studied the mechanical properties of solvent-treated
PP films. Neat and residual PP films from the hot extractions were measured on the
Instron tensile tester, model 1122 using a gauge length of 5 cm, cross-head speed
5 cm/min and chart speed 5 cm/min. The mechanical properties such as initial modulus (IM), extension-at-break, yield stress (YS), tensile strength (TS), natural draw
ratio were determined from the stressstrain curves (ASTM D 88281). The data
[14] showed that hot extraction of PP films with naptha/reformate blends had significant effect on the mechanical properties. The YS and secant modulus (SM)
increased fairly regularly, attaining maxima at 10/90 naphatha/reformate composition before decreasing to minima at 50/50 naphtha/reformate composition and then
increasing with increasing naptha in the blend composition. These maxima have
been explained in terms of improved properties with the least removal of polymer
materials. Further increases in percent naphtha in the binary blends decreased these
properties and have been explained in terms of the solubilizing effect of naphtha in
these blends.
In a related study, Ugbolue and Uzomah [15] examined the effect of exposure
time on the mechanical properties of solvent vapor-treated PP films. The study [15]
surmised that relatively small molecules such as chloroform, petroleum ether,
dichloromethane, and toluene diffused into the polymer film more easily and
resulted in maximum percent elongation in the shortest possible time.
Decalin and tetralin, which are good solvents for PP, brought about low percent
elongation value at 27 C and their behavior is explained in terms of the high boiling point (BP) of the liquid and their ability to contribute low vapor pressure on the
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PP film at the temperature of investigation. The plots of maximum percent elongation (%Emax) versus reciprocal BPs of liquids, (T21), showed the linear dependence
of the parameters and can be expressed as: %Emax 5 mT21 1 c where m is the slope
and c is a constant.
Generally, chloroform and reformate with the absolute difference between the
solubility parameters of polymer and solvent, tδPδSt, i.e., tΔδt 5 0.2 MPa /
were found to be most soluble while naphtha and petroleum motor spirit with
tΔδt5 1.7 MPa / were least soluble for the pretensioned PP films. Finally, it is
concluded [15] that the general decrease in the IM for tΔδt in the range
,1.4 MPa / was consistent with the proposal that the plasticizing ability of the solvents has an overriding influence at low tΔδt values.
1

1

1

2

2

2

3.3.2 Strength properties of solvent vapor-treated
pretensioned polypropylene films
In other reports, Uzomah and Ugbolue [16,17] presented results that showed the
increase in film thickness with vapor treatment and the interaction parameter of liquids.
Comparison of Table 3.1 and Fig. 3.1 [16] shows that equilibrium state percent
elongation can be explained by either an interaction parameter, χH, or nonspecific
cohesion force, D. The smaller the values of these enthalpic forces the larger is
the equilibrium state percent elongation. Thus the interaction between pretensioned
PP film with solvent vapor is most favorable for chloroform and least for
dichloromethane.
The strength properties of treated PP films were determined by two opposing factors: stretching orientation from pretensioning and also solvent presence that lead to
increased strength on the one hand, and, on the other hand, plasticization from residual solvent, defined by interaction parameter, χH, and nonspecific cohesion force, D,
that tend to reduce the strength. The observed strength properties, therefore, depended
on which of the two factors was more predominant in any particular treatment.

The solubility parameter, δ, nonspecific solubility
parameter, δ 1, molar volume, VS, boiling point (BP), interaction
parameter, χH, and nonspecific cohesion force, D, of solventsa [16]

Table 3.1

δS
(MPa / )b

Solvent

1

Chloroform
11.0
Carbon
17.8
tetrachloride
Dichloromethane 20.3

2

δ 1S
(MPa / )c

VS
BP
(cm3 mol21)c (C)

χH

D

18.77
17.04

80.7
97.1

61
75.6

0.0013
0.0392

20.0000
20.0584

20.53

64.5

39.8

0.0585

20.0564

1

2

δB 5 δ1B 5 18.8 MPa [18]; VB 5 46.7 cm3 mol21.
Barton [19].
c
Huyskens and Siegel [20].
a

b

/2

1
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Figure 3.1 Percent elongation (%E) of pretensioned PP film plotted against time of exposure
in solvent vapors. The initial diffusion kinetics and saturation/equilibrium state for CHCl3treated 49 mN pretensioned PP film are shown. (K) CHCl3, 49 mN, (x) CHCl3, 98 mN,
(¢) CCl4, 49 mN, (Δ) CCl4, 98 mN, (3) CH2Cl2, 49 mN, (&) CH2Cl2, 98 mN.

3.3.3 Time and temperature effects on the mechanical
properties of polypropylene
The percent weight loss of oxidized PP films after 24 h at different temperatures of
exposure is given in Table 3.2. The percent weight loss appears to increase with
increase in temperature. This is expected, as higher temperature will melt and
vaporize a lower molecular weight polymer and products of chain scission from
thermal aging. However, the relatively low percent weight loss over the temperature
range suggests thermal stability in support of the highest service temperature of
160 C.
From Table 3.2 the increase in film thickness with temperature may be explained
by increased chain folding. Also, the increase in film thickness correlates with a
decrease in density [21].
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Density, weight loss, and change in film thickness of aged
films at different temperatures [21]

Table 3.2

Temperature
( C)

Density
(g cm23)

Initial
mass (g)

Percent
weight
loss

Final film
thicknessa
(mm)

Percent
increase in
thickness

80
100
110
130
150b

0.915
0.912
0.905
0.901

0.8152
0.8053
0.8255
0.7771

0.183
2.215
0.225
0.273

0.13
0.13
0.15
0.16

8.3
8.3
25.0
33.3

b

b

b

b

b

a

Initial film thickness 0.12 mm.
Film destroyed.

b

Variation of tensile properties of polypropylene with
temperature [21]
Table 3.3

Temperature
( C)

Yield
stress,
σy (MPa)

Yield
strain,
λy

Initial
modulus,
E (MPa)

Plastic
strain,
λp

Elastic
strain,
λe

Work of
yield,
Uy (MPa)

80
100
110
130
uPP (27 C)

27.0
23.1
22.3
18.6
18.3

0.15
0.10
0.12
0.11
0.17

600
450
380
300
1000

0.105
0.049
0.061
0.048
0.152

0.045
0.051
0.059
0.062
0.018

7.5
5.4
4.0
3.0
5.0

Strain rate: 5 cm min21; uPP untreated PP.

The data on yield stress, yield strain, elastic strain, and plastic strain are given in
Table 3.3. Uzomah and Ugbolue [21] showed that the data on the IM presented in
Table 3.3 extrapolate to zero at 177 C, which is close to the thermodynamic melting point of PP. The thermal aging also caused a significant reduction in the IM
compared to that of untreated PP samples.
The deterioration of the useful physico-mechanical properties, e.g., density, elongation at break, and TS of the PP films following thermo-oxidation have been studied [2228]. Gent and Madan included the variation of YS, draw ratio, and draw
stress with temperature of stretching [29].
Uzomah and Ugbolue [30] also studied the time and temperature effects on the ultimate properties of thermally oxidized PP films. The data on draw stress, σd, draw
ratio, λd, TS, σb and breaking ratio, λb, are shown in Table 3.4. It is observed from
Table 3.4 that the draw stress and draw ratio decreased sharply with increasing aging
temperature, with the draw ratio extrapolating to zero when the treated film should
become brittle at 160 C below the melting temperature of untreated PP film (170 C).
However, the draw stress is expected to extrapolate to zero above the melting point of

Table 3.4

Effect of time of aging on the ultimate properties of aged PP films at 60 and 100 C

Temp.
( C)

Time
(min)

Density
(g cm23)

Draw stress,
σd (MPa)

Draw
ratio, λd

Tensile stress,
σ d (MPa)

Breaking
ratio, λb

Work of draw,
Ud (MPa)

Work of
rupture,
Ur (MPa)

60
60
60
60
100
100
100
100

60
90
120
180
30
60
120
180

0.906
0.904
0.903
0.902
0.907
0.903
0.902
0.901

22.5
19.5
21.0
17.0
23.2
23.1
20.5
20.2

4.5
4.0
3.8
3.6
1.9
1.8
1.7
1.6

50.5
42.2
45.3
38.3
47.6
43.0
34.0
36.7

10.3
9.8
10.5
9.8
8.9
8.0
6.6
6.7

101
78
80
61
44
42
35
32

300
241
296
221
93
86
61
60
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PP film. The draw ratio for the 60 C—aged film was significantly larger than that of
100 C—aged film at equivalent times of aging. Generally, the increase in TS has been
attributed to higher ordering in the amorphous matrix and recombination of the alkyl
radical in a more ordered arrangement, while chain scission decreases the value [26].
Uzomah and Ugbolue [30] showed that the TS for the 60 C decreased monotonically, while the breaking ratio remained fairly invariant to increasing log time.
Also, the TS and breaking ratio for 100 C aging decreased linearly with the log
time of oxidation at equivalent time intervals. This was expected, as higher aging
temperature caused more degradation of the polymer film, which led to a decrease
in TS and breaking ratio. The kinetics of TS at the two temperatures was apparently
similar, but it must be noted that 100 C aging would lead to “zero” TS long before
the 60 C aging. For linear PE, Popli and Mandelkern [31] showed that the TS
decreased markedly with increasing molecular weight, but was invariant to different
molecular structure, crystallinity, and crystalline thickness.

3.3.4 Work of rupture, Ur
The impression is often created that the characteristics of plastic deformation could be
obtained from a full understanding of the yielding process [31]. This is probably why
the work of rupture is the least studied ultimate parameter of deformation. Uzomah
and Ugbolue [30] have shown that the work of rupture decreased with increase in the
aging temperature; as the density of the aged PP film decreased, the work of rupture
for the 100110 C aging was approximately equal to that of unaged (27 C) PP film
(ca. 265 MPa) and the 60 C—aged film indicated an initial increase in the work of
the rupture. Also the work of draw and work of rupture decreased linearly with
increase in the log time of thermal oxidation. It is concluded that the thermal stability
of PP films depends on unavoidable trace amounts of impurities, carbonyl and hydroperoxide groups, and catalyst residues [22]. Radical mechanistic bond cleavages and
intra- and intermolecular hydrogen abstraction result in the formation of oxygenated
products, which lead to the deterioration of the physicochemical properties [2226].

3.3.5 Thermal treatment on the elastoplastic response of iPP
Four series of tensile loadingunloading tests were performed on isotactic PP in
the subyield domain of deformations at room temperature by Drozdov and
Christiansen [32].
In the first series, injection-molded specimens are used as produced, whereas in
the other series the samples are annealed for 24 h at 120, 140, and 160 C, which
covers the low-temperature region and an initial part of the high-temperature region
of annealing temperatures.
A constitutive model is developed for the elastoplastic behavior of a semicrystalline
polymer. The stressstrain relations are determined by five adjustable parameters that
are found by fitting the experimental data. The effect of annealing is analyzed on the
material constants.
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The characteristic size of α spherulites in injection-molded specimens is
estimated as 100200 μm [33,34]. These spherulites consist of crystalline
lamellae with thickness of 1020 nm [33,35]. A unique feature of α spherulites
in iPP is the lamellar cross-hatching: development of transverse lamellae oriented in the direction perpendicular to the direction of radial lamellae in spherulites [8,35].
The amorphous phase is located (1) between spherulites, (2) in “liquid pockets”
[36] between lamellar stacks inside spherulites, and (3) between lamellae in lamellar stacks. It consists of (1) mobile chains between spherulites, in liquid pockets
and between radial lamellae inside lamellar stacks, and (2) chains with restricted
mobility (the so-called “rigid amorphous fraction” [36]) in regions bounded by
radial and tangential lamellae.
Dramatic changes are observed in differential scanning calorimetry (DSC) traces
of isotactic PP driven by annealing at elevated temperatures (in the range from 110
to 170 C). It is found that annealing in the low-temperature interval (between 110
and 150 C) results in (1) a monotonical increase in the melting peak [37] and (2)
formation of a broad low-temperature shoulder (second endotherm) on a melting
curve; the intensity of this shoulder grows with annealing temperature [38].
Annealing in the high-temperature interval (between 150 and 170 C) causes transformation of the second endotherm into the main peak [38], which may be attributed to a second-order phase transition in the crystalline phase [39]. The critical
temperature corresponding to this transition lies in the region between 157 [35] and
159 C [39]. The morphological analysis reveals that transformations of the melting
curves caused by annealing are accompanied by changes in the crystalline structure
(a pronounced reduction in the level of cross-hatching with an increase in the
annealing temperature).
Finally, the following conclusions are drawn [32]:
1. Annealing in the low-temperature region does not affect the material constants that reflect
the elastoplastic response of iPP.
2. Annealing in the high-temperature region results in an increase in the elastic modulus E0
(which is attributed to the growth of the perfectness of crystals induced by α1!α2
transition).
3. Annealing in the high-temperature region causes the growth of the rate of developed plastic flow a (that reaches its ultimate value) and an increase in the rate of separation of
meso-regions from an ensemble κ (these changes are associated with disappearance of
transversal lamellae).
4. The rate of plastic strain, K, linearly grows with the maximal plastic strain, ε0p1 which
means that sliding of junctions in meso-regions (MRs) under active loading activates
coarse slip and fragmentation of lamellae at unloading. The activation process appears to
be independent of the perfectness of crystallites.
5. The strains ε and ε that characterize transitions to steady plastic flows at active loading
and unloading, respectively, are rather close to each other and are weakly affected by
thermal treatment. This result confirms the hypothesis [36,40] that elastoplastic deformation of a semicrystalline polymer in a subyield region is mainly associated with transformations in the amorphous phase.
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Characterization of polyolefin fibrous materials and
nanocomposites

Some properties of PP homopolymer are given in Table 3.5.
Two major findings in the field of polymer nanocomposites pioneered the
research of these materials. First, Toyota research [42] reported nylon/nanocomposite, where moderate inorganic loadings resulted in concurrent and remarkable
enhancements of thermal and mechanical properties. Second, Giannelis et al. demonstrated the possibility of melt mixing polymers and clays without using organic
solvents [43]. Since then, the high promise for industrial applications has motivated
vigorous research, which revealed concurrent dramatic enhancements of many
materials properties by the nanodispersion of inorganic silicate layers [42,43].

3.4.1 Differential thermal calorimetry
Incorporation of nanofillers in the polymer melt usually has varying effects on the
crystallization [4446]. The DSC studies [41,47] were carried out on the neat PP
and nanocomposite fibres, in order to determine any change in percentage crystallinity, melt peak temperature, and melt-onset temperature of nanocomposites fibres
as compared to those of neat PP.
The DSC analysis is carried out using DSC Q1000 model obtained from TA
Instruments Inc. Nitrogen gas is used to provide an inert atmosphere. Test specimens
weighing 510 mg are placed in regular DSC crimped aluminum pans for testing. The
sample pan and an empty reference pan made of same material are then loaded into the
test chamber. The sample pan and reference pan are heated to 220  C at the rate of
10  C/min. The instrument measures the additional heat flow required to maintain the
sample pan at the same temperature as the reference pan. The result is depicted as a
plot of temperature vs. time usually consisting of exothermic or endothermic peaks.
After the experiment, software (universal analysis) provided by TA Instruments is used
to calculate the heat of fusion by integrating the area under the melting peak.
The software provides the percentage crystallinity from the ratio of heat of fusion
calculated from the plot obtained and the heat of fusion for the polymer crystal
expressed as a percentage. The heat of fusion of PP crystal is taken as 207 J/g
[48,49]. Other characteristics such as melt-onset temperature and melt peak temperature are obtained by analyzing the calorimetric plot with the help of software tools.
Table 3.5

Properties of PP homopolymer [41]

Property

ASTM method

Typical values

Density
Melt flow index
Tensile yield strength
Flexural modulus
Hardness

D1505
D1238
D638
D790
D2240

0.9 g/cc
4.2 g/10 min
5100 psi
260,000 psi
74
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Figure 3.2 Overlay of melting curves of PP and nanocomposite fibres [41].

DSC is used to analyze any differences in the melting point, melt-onset temperature and crystallinity of PP and nanocomposite fibres. Fig. 3.2 shows the overlay of
melting curves of PP fibres and nanocomposite fibres prepared with different clay
loadings.
Fig. 3.2 shows that after the addition of clay into the polymer matrix, a slight
reduction in percentage crystallinity is observed. The percentage crystallinity of
fibres can be related to their dyeability, as low crystallinity implies that more polymer chains in the PP matrix would be accessible to the dye molecules. The reduction in percentage crystallinity of nanocomposite fibres as compared to neat PP
ranges from 2% to 4%. Though all the nanocomposite fibres have lower crystallinity as compared to neat PP fibre, the crystallinity is not linearly correlated to clay
add-on. With increasing clay add-on a diminishing improvement in the K/S values
of dyed nanocomposite fibres was observed. Thus a slight reduction in crystallinity
may result in improved dyeing properties of nanocomposite fibres as compared to
neat PP fibres; but this cannot be considered the only factor for improving the dyeability of nanocomposite fibres.
The increase in dyeability of the PP nanocomposite is also due to the formation
of interphase high energy surfaces and existence of van der Waals forces between
the disperse dye molecules and the clay particles [41].
Addition of clay, in general, did not cause any significant changes in the meltonset temperature and peak melting temperature of the polymer. Table 3.6 shows
the melt characteristics of the neat PP and nanocomposite fibres.
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Melt characteristics of nanocomposite fibres [41]

Sample

Melt-onset
temperature ( C)

Peak melting
point ( C)

%Crystallinity

Neat PP
2% NC
4% NC
6% NC

153.16
152.22
154.46
154.04

168.83
169.20
167.92
167.63

56.22
54.23
52.71
54.33

3.4.2 Tensile properties of nanocomposite fibres
To determine any change in the tensile properties of prepared nanocomposite fibres
as compared to those of neat PP fibres, ASTM Standard Test Method D 3822 was
used.
This method provides direction for measuring the tensile properties of single textile fibres. Single fibre specimens are broken on a constant rate of extension (CRE)
type tensile testing machine at a predetermined gauge length and rate of extension.
The forceelongation curve obtained and linear density are used to calculate elastic
modulus, breaking load, and percentage elongation at break. A CRE type tensile
testing machine (instron tensile tester) with clamps having flat jaws for gripping the
fibre specimens is used for the test.
The gauge lengths of specimen used were 50 mm. The fibre specimens were
tabbed using cardboard. The linear density of the specimens was measured using
ASTM Standard Test Method D 1577.

3.4.2.1 Test method
After calibrating the machine the specimen was mounted in the jaws of the clamps,
removing any slack without stretching the specimen. The forceelongation curves
were recorded at specified rate of extension (240% of initial specimen length/min).
The test was performed for 20 specimens of neat PP and nanocomposites.

3.4.3 X-ray diffraction analysis
A valuable technique used to characterize the structure of polymer nanocomposites
is the wide-angle X-ray diffraction (WAXD) [5054]. The ease of sample preparation and availability of WAXD make it the method of choice for the evaluation of
the interlayer spacing of the silicate layers in the nanocomposite structure. By monitoring the position, shape and intensity of basal diffractions the distribution of the
silicate layer in the nanocomposite, the structure can be identified. Intercalated
structure resulting in finite layer expansion associated with intercalation of polymer
gives a new basal diffraction corresponding to a greater gallery height. On the other
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hand, delamination of the original silicate layers in polymer matrix results in disappearance of any coherence X-ray diffraction (XRD) in the case of exfoliated
nanocomposites.
In addition to errors connected to experimental setup the XRD analyses of PLS
nanocomposites experience further complications. Since the loading of clay in
nanocomposites is fairly small, the XRD analysis must be sensitive enough to detect
the crystalline structure of the clay in the polymer.
If this is not achieved, disappearance of coherence XRD may lead to false conclusions about the nanocomposite structure. Additionally, the depth of penetration
of X-rays is inversely proportional to the diffraction angle; thus the X-ray analysis
at wide angles only reflects the structure present in a thin layer closer to the surface.
Therefore a thin sample with large surface area is recommended for analysis.
Moreover, only a little can be said about the spatial distribution of silicate layers in
intercalated nanocomposite structures and no information can be drawn regarding
exfoliated structures.
Mani et al. [55] conducted wide-angle X-ray scattering at ambient temperature
on a Rigaku rotating anode diffractometer with Cu Kα radiation of wavelength
1.54 Å. The accelerating voltage was 60 kV. Montmorillonite clay particles were
studied as powders and the nanocomposites were studied as 400 μm thin films. A
high-resolution transmission electron microscope, JEOL 2010F, operating at
200 kV, with a point resolution of 1.9 Å and lattice resolution of 1.4 Å was used to
observe the physical state of clay particles in the nanocomposites. For TEM sample
preparation a diamond blade was used to scratch the small specimen pieces from
the bulk sample. These small pieces were then ground in an agate mortar with acetone. The acetone suspension was then pipetted onto a carbon coated Cu grid. This
prepared sample was used for TEM observation.
The characterization of the nanocomposite films prepared with a mixer running
at 70 rpm for 2 hours at 170 C showed increased d-spacing and a large number of
single layered exfoliated platelets compared to the films prepared at 35 rpm for
30 minutes. Hence, the results obtained from the nanocomposites prepared at
70 rpm for 2 hours were considered most appropriate for further analysis [55].

3.4.4 Transmission electron microscopy
Since the conclusion regarding the nanocomposite structure drawn solely on
the basis of WAXD patterns may be fallacious, the images from TEM along
with the WAXD pattern can give better understanding of the internal structure
and the spatial distribution of various phases [41]. For TEM analysis, samples
are required to be cut very thin and special care is required to make sure that a
representative cross-section of the sample is taken. TEM allows a precise
observation of nanostructures with exceptional resolution (about 0.2 nm).
However, the special care required for sample preparation makes it time
consuming.
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Structureproperty improvements of polyolefin
nanocomposites

A promising way to synthesize polymer nanocomposites is by intercalating polymers in layered inorganic clay particles. The structure and properties of the resulting nanostructure can be altered by controlling subtle polymerclay interactions
[5,7,56]. Beyond the conventional approach, where the polymer and clay particles
remain immiscible, two types of hybrids are possible: intercalation and exfoliation.
Intercalation is a state where the extended polymer chains are present between the
clay layers, resulting in a multilayered structure with alternating polymer/inorganic
layers and a repeated distance of a few nanometers. Exfoliation is the state where
the silicate layers are completely separated and dispersed in a continuous polymer
matrix.
A great deal of attention has been given to the preparation of the graphite intercalation compounds (GICs) [57,58], which were formed by the insertion of atomic
or molecular layers of guest chemical species (intercalants) between layers of the
host material. XRD measurements of GICs can be used to show periodic stacking
structures [58].
According to Daumas-Herold model [58], when intercalants (guest species) exist
between every n and n 1 1 layer of the graphite (host), the periodically stacked
structure is called a stage-n-type structure.
The dispersion of nanoparticles throughout the polymer matrix, finely, and
homogeneously, is the key to developing a high quality nanocomposite. Most of the
property improvements of nanocomposites are generally believed to be dependent
upon the homogeneous and uniform dispersion of nanoparticles in the polymer
matrix.

3.5.1 Property improvements of polypropylene/clay
nanocomposites
Mani et al. [55] prepared PP-clay nanocomposites by solution technique followed
by melt mixing process. A titanate-coupling agent was used to improve the compatibility of the nanoclay particles with the PP. The dispersion of nanoclay particles in
PP was studied by using XRD and transmission electron microscopy (TEM). The
increased d-spacing value of clay particles in the nanocomposites was observed and
it was compared with as-mined (pristine) and as-received (organophilic) clay particles. The number of intercalated layers in a single clay crystallite was determined
to be 4 and the number was confirmed by XRD data and TEM images. Based on
Daumas-Herold model (widely used in GICs), the stage 2 and stage 3 structures of
montmorillonite particles in PP were recommended. The study on the stage structure suggested the way to determine the presence of polymer molecules in the clay
galleries. The results confirmed the existence of single layered platelets with
improved dispersion in PP.
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Figure 3.3 XRD plot for C-15A and PP nanocomposites (5% filler) [55].

Fig. 3.3 shows that (001) peak of C-15A at 2.760 shifted towards the left side
with an increased d-spacing of 0.551 nm in the nanocomposites. It is inferred that
the increased d-spacing might be attributable to PP molecules, the intercalant.
According to intercalation theories [58], d-spacing cannot be increased and sustained unless in the presence of a secondary compound.
XRD plots for isotactic PP are shown in Figs. 3.4 and 3.5. No peaks occurred
between 2θ values from 2 to 10 , which demonstrated that, the (001) peak observed
at 2θ 5 2.4 in Fig. 3.3 represents that of the clay particles.

3.5.2 Transmission electron microscopy images of polypropylene
nanocomposites and their interpretations
Mani et al. [55] have taken several TEM images at various magnifications to
characterize the nanocomposites. Six TEM images were taken for each of the
nanocomposite samples. They observed fully exfoliated morphologies in some of
the TEM images of the prepared nanocomposites (Fig. 3.6). It was interesting to
observe that the majority of the nanocomposites were filled with many exfoliated
platelets. These platelets could be defined as intercalated by using XRD, because
there was an observed increase in d-spacing as compared to the original clay
d-spacing.
All the circles in Fig. 3.6AC indicate the presence of intercalated tactoids with
45 layers.
The TEM images of the nanocomposites in Fig. 3.6AC clearly indicate that the
clay layers are not strictly flat: they are wrinkled, bent, or oriented towards one
direction, which can be considered as a good sign for extruding a nanocomposite
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Figure 3.4 XRD plot for isotactic PP [55].
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Figure 3.5 XRD plot for isotactic PP at 2θ from 2 to 10 [55].

fibre. Three zones of a high-resolution TEM image (Fig. 3.6) were enlarged to
show the existence of intercalated tactoids. The numbers of layers in the intercalated tactoids were found to be around 4, which supports the assumption based on
XRD results [55]. Though all the TEM images greatly favor the significant
existence of single layered platelets (exfoliated), some images represent the intercalated/exfoliated nanocomposites. These images confirm the existence of intercalated
tactoids as well as exfoliated platelets.
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Figure 3.6 High-resolution TEM images of a C-15A/PP nanocomposite. Fig. 3.6 shows three
different enlarged zones of the same high-resolution TEM C-15/PP nanocomposite. The choice
of a, b, and c are meant to differentiate the three zones/selections from the same sample. The
results of these enlarged zones confirm observations documented in the research. [55].

3.5.3 Desirability of uniform dispersion of nanoparticles
and their compatibility with the polymer matrix
The improvement in properties of polymer nanocomposites is attributed to the higher
contact area offered by nanoparticles for polymerfiller interaction. So, a uniform dispersion of the nanoparticles and their compatibility with the polymer matrix is desired
[41]. PP is a widely used polymer matrix for polymer nanocomposites. Manias et al.
[59] synthesized PP/organo-modified montmorillonite nanocomposites by two ways:
first, by introducing functional groups in PP and using alkylammonium montmorillonite; and second, by using unmodified PP and a semifluorinated surfactant modification
for the montmorillonite. They reported property improvements in tensile characteristics, higher heat deflection temperature, high barrier properties, better scratch resistance, and increased flame retardancy of PP/montmorillonite nanocomposites. Galgali
et al. [60] synthesized the PP/montmorillonite nanocomposites and studied the creep
behavior of the nanocomposites. They reported that the creep resistance of hybrids
compatibilized using maleic-anhydride grafted PP was significantly higher than those
of uncompatibilized hybrids and increases with the annealing time. They also concluded that the polymer layered silicate composites showed a solid-like rheological
response that included non-terminal dynamic behavior, apparent yielding at higher
shearing stresses, and a strong dependence of viscosity on clay content. Various other
studies have reported improvement in properties of compatibilized PP/clay hybrids as
compared to pristine or unmodified hybrids [5,7,4143,4561].

76

Polyolefin Fibres

Build-up curves for C.I Acid Red 266

Build-up curves for C.I Acid Blue 113

12

14

10

12
10
K/S

K/S

8
6
4

8
6
4

2

2

0

0
0

1
2
3
4
% dye concentration

5

0

1
2
3
4
% dye concentration

PP

PP

PP NC-2% filler

PP NC-2% filler

PP NC-4% filler

PP NC-4% filler

PP NC-6% filler

PP NC-6% filler

5

Figure 3.7 Build-up curves for CI Acid Red 266 and CI Acid Blue 113.

3.5.4 Nanoclay-modified polypropylene dyeable with acid
and disperse dyes
The build-up curves of disperse dyes [41,62] are shown in Figs. 3.7 and 3.8. The
build-up curves are measured as K/S values with respect to increase in dye concentration in the dye bath. From the build-up curves it is evident that a positive correlation exists between the clay add-on and the dye absorbed by the nanocomposites.
However, with the increase in depth of the shade, i.e., by increasing the dye concentration in the dye bath, the build-up curves tend to flatten. This represents the
saturation of dye sites available in PP nanocomposites.
Lalit, Fan, and Ugbolue [62] also examined the effect of dye structure on the
color yield of the nanocomposite fibres. For dyeing of the fibres with Disperse Red
65, a monoazo type of dye, values of K/S for the nanocomposite fibres were as
high as for the polyester fibres. For Disperse Yellow 42, a nitrodiphenylamine type
of dye, there was an improvement in the K/S values for nanocomposite fibres as
compared to the neat PP fibres but the color yields for nanocomposite were not
comparable to those for polyester fibres. While with Disperse Blue 56, E-type
anthraquinone dyes, moderate improvement in the K/S values for nanocomposite
fibres was observed; at higher depth of shade, i.e., 6% for higher clay loading
(6% on the weight of polymer) the values of K/S close to those for polyester fibres
can be obtained. Thus, by properly selecting the dye structure, higher color yield
can be obtained for nanocomposite fibres (Figs. 3.93.11).

3.5.5 Antibacterial activity of nanocomposite polypropylene
films and fibres
In another study, Lalit [41] investigated the antibacterial properties of PP fibres
filled with nanosized organically modified montmorillonite clay particles and also
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examined the effect of processing temperature on the antibacterial properties of the
modified montmorillonite.
The nanocomposite films showed excellent antibacterial properties against both
the bacteria, Gram-positive Staphylococcus aureus and Gram-negative Klebsiella
pneumoniae. The reduction in bacterial number for nanocomposite PP films ranged
from 99.60% to 99.99% as compared to unmodified PP controls. The antibacterial
properties of the nanocomposite PP films are due to the addition of quaternary
ammonium compounds in modified clay. However, the nanocomposite PP fibres
produced using the same clay did not exhibit any antibacterial activity.
The difference in the antibacterial properties of the nanocomposite PP films and
nanocomposite PP fibres can be attributed to the temperature difference in the meltprocessing step. The nanocomposite PP films were melt-mixed and melt-pressed at
170 C while the nanocomposite PP fibres were extruded at 191 C. The higher processing temperature leads to the excess degradation of active compound (quaternary
ammonium compounds) on the clay surface and hence antibacterial properties are
lost. The thermogravimetric analysis of modified clay showed that raising the temperature in the isothermal cycle from 170 C to 191 C increases the weight loss
from 5.18% to 14.14%. The concentration of quarternary ammonium compounds
on the as-received modified clay, clay exposed to 170 C, and the clay exposed to
191 C determined by volumetric analysis were 30.34%, 22.93%, and 12.27%,
respectively. Clay exposed to 170 C exhibited up to 97.93% reduction in bacterial
number in a standard inoculum whereas the clay exposed to 191 C only showed
reduction up to 31.49%.

3.5.6 Mechanical properties of nanocomposite polyolefins
DSC results, Fig. 3.2, showed that the nanocomposite fibres are 24% less crystalline than the PP fibres. It is arguable that the improved dyeability of nanocomposite
fibres is due to the decreased crystallinity. However, 24% decrease in crystallinity
in the crystallinity of nanocomposite fibres cannot be the only reason for their high
color yields. The improved dyeability of nanocomposite fibres can be attributed to
the addition of suitable additives like clay into the PP matrix because the dyesaturation values obtained were higher than those justifiably associated with purely
solution mechanisms [63]. The clayPP system can be viewed as an assembly of a
large number of fine, elongated fibrils of the additive embedded in the polymer
matrix. The interphase area thus created represents high-energy surfaces and the
dye molecule, in addition to forming the usual solid solution in the additive phase,
would be prone to preferentially concentrate on these interphase high-energy surfaces [63]. The number of fibrils and the interphase between polymer and clay
would increase as the compatibility of clay with PP and the relative amount of clay
in the PP polymer increase. Thus the color yield of nanocomposite fibres increases
with increase in clay concentration. In addition, certain secondary forces such as
van der Waals forces may be active between the disperse dye molecules and the
clay particles, and the disperse dye molecules and the PP. Indeed, Yiqi Yang et al.
[64] studied nanoclay and modified nanoclay as sorbents for anionic, cationic, and

The structural mechanics of polyolefin fibrous materials and nanocomposites

79

nonionic dyes. The study on dye sorption isotherms [64] indicated that nanoclay
had very strong sorption ability due to its high surface area and strong van der
Waals, hydrophobic and ionic interactions with dyes.
Studies on the mechanical properties of neat PP and nanocomposite fibres [41]
showed that increase in modulus and breaking stress of the nanocomposite fibres as
compared to neat PP fibres were up to 34% and 20%, respectively. However nanocomposite fibres showed up to 19% reduction in the breaking elongation as compared to the neat PP fibres. The enhancement in mechanical properties is in
accordance with the previous studies [45,65]. It is inferred that the reinforcement of
polymer chains with clay platelets causes the increase in the modulus and the breaking stress of the fibres. However, the reinforcement of PP with clay particles also
causes restricted mobility of the polymer chains and leads to reduction in
elongation-to-break of nanocomposite fibres. Another possible explanation for the
decrease in elongation-to-break and improved modulus and breaking stress of nanocomposite fibres could be the increase in the viscosity of extrudate with the increasing clay content and a concomitant increase in the orientation of extrudate [66].
Several papers have reported the use of nanoparticles for compounding polymer
matrix to improve specific and targeted properties, among which are studies on the
thermal properties by Kim and Krishnamoorti [67], Dorigato et al. [68], Nand et al.
[69], and Vaia et al. [70]. Many substances have also been used as nanoparticles to
compound polyolefins. These include calcium oxide, zinc oxide, aluminum oxide,
silicon(iv)oxide, carbon nanotube clay, boehmite, etc. as detailed by Agwuncha
et al. [71], Valentino et al. [72], and Fornes et al. [73]. Generally, these particles
were able to improve the thermal stability of the matrix because of their superior
heat conductivity properties which enable them to absorb more heat energy with
less damage to the polymer matrix. However, when these nanoparticles are used in
the pristine form, they often cause a decrease in the mechanical properties because
they form a discontinuity along the interface, resulting in poor stress transfer
between the matrix and the nanoparticles and limited improvement in the overall
structural and mechanical properties of the material. To obviate this problem,
researchers tried to modify the nanoparticles organically to enable some form of
chemical interaction to take place and thus, forming stronger bond between the
nanoparticle and the polymer matrix.
Streller et al. [74] compounded isotactic PP with boehmite nanofiller to investigate
the effect of the nanoparticles on the morphology, crystallization behavior, and
mechanical properties. Their results showed that the presence of the nanoparticles led
to the increase in crystallization temperature and decrease in crystalline melting temperature while the crystallinity merely increased by 1% maximally, and these were
attributed to the inability of the boehmite to participate in the crystallinity process.
Streller et al. [74] also highlighted the fact that some nanoparticles are more effective
than others while noting that the formation of agglomerates by the particles may also
diminish their efficiency. One nanoparticle known to be very effective in improving
both mechanical and thermal properties of polyolefins is clay nanoparticle.
Following the studies by Blumstein [75] who reported an improved thermal stability of polymer composites using nanoclay, there have been many reports on
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polymer-clay nanocomposites, namely: Ray [76], Malucelli et al. [77], Qui et al.
[78], Sanchez-Valdes et al. [79], and Ogunniran [80,81]. The incorporation of clay
nanoparticles into polymer matrix generally enhances the thermal stability of the
material when compared to the neat polymer. This improvement has been attributed
to: high surface to volume ratio of the nanoparticles, very low permeability,
decrease in the rate of the volatile products formed and the formation of highperformance carbonaceous silicate chars on the clay surface which insulates the
bulk material and slows down the escape of volatile products generated during
high-temperature heating and the subsequence absorption of the gas formed into the
clay platelets [82,83].

3.6

Fibre-reinforced polyolefins

The use of natural and synthetic fibres as reinforcements to improve the mechanical
and thermal properties of neat and blended polyolefins is an important technical
strategy as aptly demonstrated by Amar et al. [84], Demir et al. [85], Tagdemir
et al. [86], Beaugrand and Berzin [87], Khoathane et al. [88], and Kabir et al. [89].
Synthetic fibres and glass fibres, exhibit good thermal and mechanical properties
with very good aspect ratio. However, concerns about environmental issues in their
uses and applications have been limited in recent times as shown by Islam et al.
[90], Huber et al. [91], and Dissanayake et al. [92]. Thus natural fibres are increasingly being preferred as reinforcement materials for polyolefins because of the
advantages inherent in cellulosic reinforced polymers. These noted advantages
include low density, low abrasion of processing equipment, sustainability, less
health risk, acceptable good specific mechanical properties and the reduced energy
requirement during processing as documented in studies by Kalia et al. [93],
Boukerrou et al. [94], Ochi [95], Bodros et al. [96], Silva et al. [97], and Pandey
et al. [98].

3.7

Design and fabrication of polyolefin auxetic textile
structures

3.7.1 Design concept of polyolefin auxetic fabrics
The model depicted in Smith et al. [99] has been shown to be successful for
explaining the auxetic behavior of some engineering foams. Many models of deformation within network materials proposed by Gaspar et al. [100] make use of the
assumption that there is a single mode of deformation that dominates over other
modes. Some of these network models [101] have been put forward to resemble
materials that may exhibit a negative Poisson’s ratio but have yet to be manufactured. The broken-rib model by Smith et al. [99] is one such model. The results by
Gaspar et al. [100] showed that a material with this microstructure does produce a
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Figure 3.12 Schematic of geometrical model for the structure.

negative Poisson’s ratio. The principal assumptions for the deformation are: the
angles between ribs deform elastically; no change of length of the individual ribs is
allowed; the translational symmetry of the net is kept throughout deformation. The
engineering strain of such a model is shown in Fig. 3.12.

3.7.2 Fabrication techniques
Research efforts [101111] in the area of auxetic structures have shown mechanical improvements over traditional fabrics. These efforts have mainly focused on the
initial production of auxetic fibres and filaments, which are then woven into fabrics
to achieve the macroscopic auxetic properties. Whereas promising properties have
been measured, this approach is limited due to the time consuming and expensive
production of individual auxetic fibres. In contrast, our team at University of
Massachusetts, Dartmouth (UMD), Ugbolue et al. [112120], pioneered the fabrication of auxetic warp knit fabrics using inexpensive, commercially available nonauxetic yarns. The UMD technique provides a faster means of producing auxetic
fabrics using nonauxetic yarns by exploiting knowledge of fabric geometry, design,
and structural mechanics. The main advantages of our approach over competitive
auxetic fabrics are: improved productivity, fabric versatility, performance, and
speed of warp knitting production resulting in a more cost effective and efficient
manner than by weaving especially when conventional weaving looms are being
used. Luna Innovations Roanoke, VA 24016, recently teamed with UMD to develop
auxetic materials that have significant advantages compared with currently used
materials for pelvic personal protective equipment.
The auxetic textiles produced have demonstrated significant improvements in
mechanical properties over conventional fabrics and are anticipated to translate to
improved blast/ballistic protection. It is noted that the fabric thickens and strengthens as it is impacted by shrapnel and improvised explosive devices.
Indeed the enhanced blast/ballistic protection provided by auxetics allows thinner, lightweight, breathable protective textiles that will reduce thermal burden. It
must be emphasized that a major problem with conventional materials (i.e., materials having positive Poisson’s ratio) is that they can hardly be curved into a doubly
curved or domed shape, instead the core forms a saddle shape on bending. In the
case of auxetic fabrics (i.e., fabrics with negative Poisson’s ratio), double curvature
can be easily achieved.
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Concluding remarks

This chapter has highlighted the sustained trend in understanding the structural mechanics of polyolefin fibrous materials and nanocomposites. Exciting results have been
obtained to justify the efforts devoted by researchers to process structureproperty
relationships of polyolefin fibres and nanocomposites. Indeed, there are interesting prospects that our knowledge in engineering nanocomposite polyolefin materials will
prove invaluable in improving the range of commercially available products. The
advances in the use of nanotechnology in achieving acid and disperse dyeable PP are
providing new generation of textile garments and high tech sporting wears that can
meet the demands of the fashion industry. Our sustained research efforts on auxetic
polyolefin structures and some other fibre types have presented new vistas in novel
auxetic textile technology. Indeed, Luna Innovations recently teamed with UMD to
develop novel textiles that can absorb and disperse energy extremely well for enhanced
protection from blast threats.
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Introduction

4.1.1 Polyolefins
Polyolefins (PO) are the leading and largest volume industrial polymer in the world
and they are used for the production of a wide range of commercial products that
are used in nearly every aspect of our daily lives, such as household bottles, pipes,
automobile parts, packaging films, etc. [1]. PO derive their physical properties from
the arrangement or the entanglement of the atoms in the chain molecules.
Branching caused by radical transfer influences the physical properties as well as
the molecular distribution [2]. They are based on low-cost petrochemicals or natural
gas and the required monomers are produced by cracking or refining of crude oil
and therefore, resource depletion may become a determining factor in the future
production of PO [3]. It is, therefore, highly desirable that PO material does not
have any negative effect on the environment during its transformation into articles
or components or during service [4]. It is important to avoid any negative effects at
the end of the life cycle of PO (see Fig. 4.1).
PO are saturated hydrocarbon polymers, based on ethylene; high-density polyethylene (HDPE), low-density polyethylene (LDPE) and linear low-density polyethylene (LLDPE), propylene and higher α-olefins or combinations of these
monomers. PO also take great advantage of their chemical nature, being composed
by carbon and hydrogen only, with respect to other plastics, such as poly(vinyl
chloride) (PVC), polyamides, and polyurethanes [5]. PO, intended as polymers and
copolymers of ethylene and propylene, represent more than 40% of plastics produced every year, with a clear tendency to increase such percentage. As the use of
the material widens, so does the amount of waste disposed off into the environment
[5]. Therefore PO play a major role in environmental issue and every progress
achieved for them is a substantial progress for the whole issue [6]. Chemical and
biological inertness of polyolefins were seen, originally as advantages. The high
stability of these compounds and resistance to degradation has led to their accumulation in the environment, considerably increasing visible pollution and contributing
to the clogging of drains during heavy rains, among other problems [710].
Environmental appearance is becoming an important factor that impacts on the market position of polyolefins, thus the appearance depends on the raw materials and
Polyolefin Fibres. DOI: http://dx.doi.org/10.1016/B978-0-08-101132-4.00004-7
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Figure 4.1 Polyolefins product life cycle.

the processes employed for the manufacture of these materials. Furthermore, product recyclability or biodegradability and the use of renewable resources need to be
considered.

4.1.1.1 Polyethylene
Polyethylene (PE), a member of the important family of polyolefin resin, is the
most widely used plastic in the world. They are prepared by the catalytic polymerization of ethylene [11]. It is a thermoplastic polymer consisting of long chains, produced by combination of the monomer molecules, i.e., ethylene. Depending on the
mode of polymerization, three basic types of PE are frequently used: linear HDPE,
branched LDPE, and LLDPE [12]. PEs are crystalline thermoplastics that possess
toughness, excellent chemical resistance and excellent electrical insulating properties, near-zero moisture absorption, low coefficient of friction and ease of processing. Their heat deflection temperatures are reasonable but not high.
HDPE possesses greater stiffness, rigidity, improved heat resistance, and
increased resistance to permeability than LDPE and LLDPE. HDPE has a low
degree of branching and thus greater intermolecular forces and tensile strength. It
can be produced by chromium/silica catalysts, Ziegler-Natta catalysts or metallocene catalysts [13]. HDPE is produced in molecular weights (MWs), ranging from
10,000 to several million. It has a linear polymeric chain (see Fig. 4.2), combined
with a high density and melting point [14]. HDPE is used in the production of milk
jugs, detergent bottles, margarine tubs, garbage containers, toys, and water pipes
and in packaging.
Low-density PE is manufactured under high temperature and pressure using peroxide initiators. On the other hand, LLDPE is manufactured under low pressure.
LLDPE is prepared by introducing short branching via copolymerization with
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Figure 4.2 High-density polyethylene.

Figure 4.3 Low-density polyethylene.

a small amount of long-chain olefin. It is linear (see Fig. 4.3), but have a significant
number of branches introduced by using comonomers, such as butene-1 or octene1. Usually the comonomer content is between 8% and 10% at a density of
920 g cm23. The linearity provides strength, while the branching provides toughness. The modulus and ultimate tensile properties of LLDPE are significantly
improved over the branched LDPE [14]. The branching in LLDPE and LDPE
decreases the crystallinity and lowers the density [15]. LDPE or LLDPE form is
preferred for film packaging and for electrical insulation.
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4.1.1.2 Polypropylene
Polypropylene (PP) is a synthetic resin produced via the polymerization of propylene. PP films are widely used in packaging, textile, stationaries, and in a variety
of other applications due to their great potentials in such areas as barrier properties, brilliance, dimensional stability, and processability. In many aspects, PP is
similar to PE, especially in respect to their electrical properties and dissolution
behavior. The properties of PP depend on the MW and molecular weight distribution (MWD), crystallinity, type and proportion of comonomer (if used). The
mechanical properties of PP are strongly dependent on its crystallinity. Increasing
crystallinity enhances stiffness, yield stress, and flexural strength; however,
toughness and impact strength decrease [13]. The PP manufacturing process consists of a raw material, refining process, polymerization process, after treatment
process, and granulation process. Propylene can also be polymerized with ethylene to produce an elastic ethylenepropylene copolymer. A large proportion of
PP production is melt-spun into fibres. PP fibre is a major factor in home furnishings, such as upholstery and indooroutdoor carpets [16]. The propene molecule
is asymmetrical (see Fig. 4.4).
When polymerized, three basic chain structures can be formed and they are
dependent on the position of the methyl groups: two are stereo-regular (isotactic
and syndiotactic) and the third does not have a regular structure and it is termed
atactic, as shown in Fig. 4.5 [17].

4.1.2 Polyolefin degradation
The negative change of properties (tensile strength, color, etc.) of a polymer or a
polymer-based product under the influence of one or more environmental factors is
known as polymer degradation. Naturally the degradation of plastics is a very slow
process and it is a function of environmental factors such as temperature, humidity
of air and moisture in the polymer, pH, and solar energy; polymer properties and
biochemical factors. Degradation gives rise to changes in material properties such
as optical, mechanical, or electrical characteristics which are evidenced as crazing,
cracking, erosion, discoloration, and phase separation. The most problematic plastics are polyolefins as they are resistant to microbial attack (fungi and bacteria,
etc.), due to the absence of any active functional groups [18]. This means that the
surface of polyolefin material or articles made from polyolefins are hydrophobic,
thus inhibit the growth of microflora on them [19]. Depending on the environmental
factor, types of polyolefin degradation have been classified as photo-oxidative degradation, thermal degradation, ozone-induced degradation, mechanochemical degradation, catalytic degradation, and biodegradation [20].
H
H

Figure 4.4 Propene molecule.

CH3
C=C

H
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Figure 4.5 Molecular structures of polypropylene [17].

4.1.2.1 Thermal degradation
During the process of polymeric materials degradation and oxygen diffusion prevalently occur in the amorphous regions, linking degradability to the thermal history of the material [21]. A process whereby the action of heat or elevated
temperature on a material, product, or assembly causes a loss of physical,
mechanical, or electrical properties is known as thermal degradation. The rate of
thermal degradation directly depends on the temperature, with high degradation
values achievable at high temperatures [22]. At high temperature the components
of the long-chain backbone of the polymer can begin to separate (molecular scission) and then react with one another to change the properties of the polymer.
The chemical reactions involved in thermal degradation lead to physical and optical property changes that are relative to the initially specified properties.
Generally, thermal degradation involves changes in the MW and the MWD of the
polymer. Other property changes include: chalking, color changes, cracking,
reduced ductility, and embrittlement [23].
The thermal degradation of polymers has become a progressively important
method for the conversion of waste plastics into valuable chemicals and fuel. It is
thus, important to have a good knowledge of the thermal degradation kinetics of
polymers in order to improve their thermal behavior. Studies on pyrolysis kinetics
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of polyolefin wastes have been carried out and most of these studies have been
developed on the assumption that the reaction can be described by an nth order
reaction model [2430]. The assumption of an nth order reaction model would
result in the Arrhenius parameters deviating from the real models [31]. A method
of estimating the Arrhenius parameters as well as the reaction model of the pyrolysis of PP from isothermal kinetic results was described by some researchers
[32,33]. They introduced a custom-made thermobalance that is able to record
weight decrease with time under pure static condition. A best fit of experimental
reduced-time-plot to theoretical models led to a conclusion that the pyrolysis reaction model and the Arrhenius parameters of PP vary with reaction temperature.

Mechanism of thermal degradation
In the last six decades, many investigations have been undertaken in order to clarify
the degradation mechanism of polyolefins. The mechanism of polymer degradation
is immensely complex, involving the simultaneous formation and decomposition of
hydroperoxides. Degradation is promoted by oxygen, humidity and strain and
results in such flaws as brittleness, cracking, and fading [34]. The thermal degradation of polymers consists of two distinct reactions, which occur simultaneously in
the reactor. One is a random scission of links, causing a MW reduction of the raw
polymer and the other is a chain-end scission of CC bonds, generating volatile
products [35].
The chain-end scission occurs at the gasliquid interface in the working reactor.
A continuous flow reactor for the thermal degradation of PE, PP, and polystyrene
(PS) has been investigated and discussed as a typical example for the chain-end
scission mechanism [36]. The nature and composition of the pyrolysis products provide important and profitable information about mechanism of thermal degradation
[37]. The chain-end degradation begins from the end of the chain and successively
releases the monomer units. The route of this type of degradation is also known as
depolymerization reaction. The reaction involves successive release of monomer
units from the chain ends. Such reactions are the opposite of the propagation step in
addition polymerization and they occur through free radical mechanism [35]. The
MW of the polymer in this type of degradation decreases slowly and large quantity
of the monomer is liberated simultaneously. Generally, chain-end degradation takes
place when the backbone bonds are weaker than the bonds of the side groups and
only with polymer molecules, carrying active chain ends with a free radical, cation,
anion, etc.
The degradation mechanism that is often attributed to the pyrolysis of a wide
number of polymers is random scission. In the random scission mechanism the
backbone of the polymer will break randomly; this can occur at any position of the
backbone, as a result of the rapid decrease in the MW. As new free radicals with
high reactivity are formed, monomers cannot be a product of this reaction; furthermore, intermolecular chain transfer and disproportion termination reactions can
occur. For random degradation to occur the polymer chain does not necessarily
require to carry any active site [38]. The mechanism of thermal degradation of PE
has also been discussed as an example for random scission type reactions [39]. PE
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also undergoes random degradation through migration of a hydrogen atom from
one carbon to another thus generating two fragments [40]. The kinetics of decomposition of PP and PE are very significant, they serve as an example of a complicated radical chain mechanism and design of waste incineration and other
recycling procedures. This is because PP and PE are respectively used in high
amounts for packaging and they constitute the main components of plastic waste
from domestic refuse.
Direct pyrolysismass spectrometry (PyMS) is also applied in order to determine the primary structure of macromolecules and to further investigate selective
thermal degradation mechanisms. This technique allows the thermal decomposition
products of the polymer sample to be observed directly in the ion source of the
mass spectrometer, so that the evolving products are ionized and continuously
detected by repetitive mass scans almost simultaneously with their formation [41].

Methods of thermal degradation
Thermogravimetric analysis (TGA) method is one of the methods of thermal analysis techniques used in characterizing a wide variety of materials. TGA is used to
measure the amount and rate of change in the mass of a sample as a function of
temperature or time in a controlled atmosphere. The measurements are used mainly
to determine the thermal and oxidative stabilities of polymeric materials
 and their
compositional properties [42]. The rate of degradation in TGA dα=dt is defined
as the rate of change of the degree of conversion. The degree of degradation or conversion can be calculated in terms of mass as shown below [43]:
α5

wo 2 w
wo 2 wN

(4.1)

where wo , w, and wN are the initial weight, the actual weight at each point of the
curve, and the final weight measured at the end of the degradation process, respectively. In a TGA instrument, sample is submitted to constant heating rate from
room temperature to 600 C or more, under the nitrogen flow. The reaction products
can be analyzed by gas chromatography [35]. TGA was used to investigate the
kinetic analysis of thermal degradation of polyolefin mixture between PP and
LDPE under pyrolysis atmosphere at different compositions [30]. It was found that
thermal degradation process of polyolefin mixture was a triple step process and an
addition of PP reduced the degradation temperature.
Pyrolysisgas chromatographymass spectrometry (PyGS/MS) method is an
instrumental method of chemical analysis in which the sample is heated to decomposition in order to produce smaller molecules and more analytical useful fragments
that are separated by gas chromatography and detected using mass spectrometry
[44]. As PyGC/MS decomposes instantly, aggregates of pyrolysates and other
side products rarely occur. Thus chemically unchanged pyrolysates can be examined. PyGC/MS can be used to examine the composition of polymer materials
that are difficult to dissolve in a solvent, investigate resin deterioration, and analyze
volatile additives [45]. This method of analysis involves putting the sample in the
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inactivated sample holder of the microfurnace, dropping the sample holder into the
reactor core, which is wrapped with high frequency coils, and filled with helium as
the carrier gas using a switch, and then pyrolyzing it. The pyrolysis results are
rather stable due to the comparatively low dispersion temperature changes resulting
from the sample holder’s small capacity [46].
Batch reactor method: Chemical reactions take place almost everywhere in the
environment; nonetheless chemical reactors are defined as devices well designed to
contain chemical reactions under controlled conditions toward specified products.
These devices are designed to maximize the net present value of a given reaction.
Reactor design also plays a fundamental role, as it has to overcome problems
related to the low thermal conductivity and high viscosity of molten polymers [41].
The thermal degradation of waste plastic can take place in a glass reactor under
atmospheric pressure with definite weight of sample that is loaded into bottom of
the reactor for thermal degradation. The purging of the reactor with nitrogen gas at
a flow rate of 10 mL/min at 120 C for 60 min is required to remove the physically
adsorbed water from the plastic sample. After the nitrogen flow is stopped the reactor temperature is increased to the degradation temperature (430 C) at a heating
rate of 3 C min21 and the waste plastic bed temperature is taken as the temperature
of the degradation. The gaseous products can be condensed (using a cold-water condenser) to liquid products and trapped in a measuring jar [35]. The compositions of
the pyrolysis products of pure LDPE and PS and their mixtures were investigated
over a temperature range from 300 to 500 C. The pyrolysis experiments were carried out in a closed batch reactor pressurized autoclave under inert nitrogen atmosphere in order to study the effects of reaction temperature and residence time. The
main objective was to convert the waste plastics to oil products for use as a hydrocarbon fuel oil or raw chemical feedstock. The effects of temperature and residence
time were studied in order to ascertain the optimum conditions necessary for the
production of oil and to investigate the effects of these parameters on the compositions of reaction products, with a special emphasis on the oil. LDPE was thermally
degraded to oil at 425 C and the thermal cracking of LDPE in a batch reactor
resulted in production of a broad range of hydrocarbon compounds where the yield
of aromatics and aliphatics (olefins and paraffins) deeply depended on the pyrolysis
temperature and residence time [47]. As waste, HDPE was pyrolyzed in a batch
reactor at a temperature of between 400 C and 550 C at a heating rate of 20 C/min
with the aim of optimizing the liquid product yield at a temperature range of
between 400 C and 550 C. The results of the pyrolysis experiments showed that, at
a temperature of 450 C and below, the major product of the pyrolysis was oily
liquid which became a viscous liquid or waxy solid at temperatures above 475 C.
The yield of the liquid fraction obtained increased with the residence time for waste
HDPE. The liquid fractions obtained were analyzed for composition using FTIR
and GCMS [48]. The kinetics of virgin and waste PP and LDPE were recently
studied by a modified Coats-Redfern method. Afterward the thermal cracking of
these materials in a semibatch reactor under atmospheric pressure in nitrogen was
investigated. Both virgin and waste plastics are decomposed at 420 2 460 C. In
order to help in the understanding of the processes for polyolefin degradation the
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main reaction paths and the mechanisms for the thermal cracking of polyolefins in
a semibatch reactor under atmospheric pressure, though thermal reactions occurring in a reactor are complex and this investigated by Ya et al. [49]. Owing to the
short residence time and atmospheric pressure in the pyrolysis process, the high
yield of the gaseous product and high yield of unsaturated hydrocarbons in both
gaseous and liquid products can be obtained in a semibatch reactor. The results
confirmed that chain scission reactions are predominant degradation mechanisms
in the thermal cracking process. They concluded that the reaction of the intramolecular hydrogen and the β-scission of the end or middle chain radicals are responsible for the reduction in gaseous and liquid products. In the case of LDPE the
reaction of intermolecular hydrogen and β-scission, followed by intramolecular
hydrogen reaction may be contributed to form the 1-alkane and 1-alkene with
same carbon number.

4.1.2.2 Photo-oxidation degradation
A natural weathering that has great effect produced by oxygen and light radiation is
technically referred to as photo-oxidation [50]. Photo-oxidation is therefore the degradation of the surface of a polymer/material in the presence of oxygen or ozone
radiation. It is one of the leading chemical degradation mechanisms in photoactive
materials and occurs when organic materials are exposed to air and light. Materials
that are subjected to oxygen are degraded faster in the presence of radiation than in
the absence. The chemical changes that occur during degradation cause disruption
of the π conjugation of the polymers and reduce photo absorbance in a process
called photo bleaching [51]. The effect is facilitated by radiant energy such as artificial or UV light. The chemical changes reduce polymer’s MW and as a consequence of this change, the materials become more brittle with a reduction in its
tensile, impact, and elongation strength.
The most common photoreaction for all materials is photo-oxidation. Usually
free radicals are generated as transient species in photolytic processes. Since
oxygen reacts readily with most free radicals, peroxyl radicals will be formed.
Photolysis, therefore, can give rise to autoxidative free radical chain reaction. For
example, the primary reaction steps for photo-oxidation of polyolefins are as shown
in Eqs. (4.2)(4.15). The steps involve initiation, propagation, chain branching, and
termination.
During the mechanism of initiation, the absorption of UV light that has sufficient
energy to break the chemical bonds in the main polymer is responsible for polymer
degradation. It involves a radical chain mechanism for the formation of initial radical. For the photo initiated oxidation of many commercial polymers this reaction is
considered to be very important due to the presence of peroxide groups as chemically bound impurities, originating from processing at a very high temperature in
the presence of oxygen. In general, initiation reaction occurs by random chain scission or chain-end initiation. This step is followed by depropagation step forming
monomer [35], as depicted below.
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d

RH ! R; H2 O; H2 O2

(4.2)

d

H2 O2 ! 2 O H

(4.3)

d

O H 1 RH ! H2 O 1 Rd

(4.4)

The propagating reactions of auto-oxidation cycle are common to all carbon
backbone polymers. Propagation is a process in which a reactive intermediate is
continuously regenerated during the course of chemical reactions. These reactions
lead to generation of hydroperoxide species and are not directly led to backbone
cleavage but they are the key intermediates to stimulate reactions. The key reaction
in the propagation sequence is the formation of polymer peroxy radicals (ROO ).
The next propagation step is the abstraction of hydrogen atom by the polymer
peroxy radicals (ROO ) in order to generate new polymer alkyl radical (R ) and
polymer hydroperoxide (ROOH) [52]. Hydroperoxide species generated in the propagating step lead to backbone degradation through the cleavage of hydroperoxide
OO bond followed by β-scission [35].
G

G

G

Rd 1 O2 ! ROOd

(4.5)

ROOd 1 RH ! ROOH 1 Rd

(4.6)

ROOH 1 RH ! R 5 O 1 H2 O 1 Rd

(4.7)

R 5 O ! R2 Cd 5 O 1 Cd H2 R2

(4.8)

HOd2 1 RH ! HOOH 1 Rd

(4.9)

Branching in polymer occurs by the replacement of a substituent, e.g., a hydrogen atom, on a monomer subunit, by another covalently bonded chain of that polymer. In chain branching, polymer oxy radicals (RO ) and hydroxyl radicals (HO )
are formed by photolysis. The oxidation of polyolefin is a radical chain type mechanism. At processing temperature, above ambient temperature polymer radicals R
are formed. The radicals react with oxygen to form peroxide radicals ROO which
abstract hydrogen from the polymer backbone in order to form a hydroperoxide
(ROOH) and other radicals [53].
G

G

G

G

ROOH ! ROd 1 d OH

(4.10)

Termination of polymer radicals occurs by a bimolecular recombination. The termination of photodegradation process is achieved by “mopping up” the free radicals
in order to create inert products. This occurs naturally by combining free radicals or
assisted by using stabilizers in the plastic [35].

Polyolefins and the environment

99

In here, crosslinking is a result of the reaction of different free radicals with
each other. When the oxygen pressure is high, the termination reaction almost
occurs by the reaction in Eq. (4.13). At low oxygen pressure, other termination
reactions occur to some extent [52].
Rd 1 Rd ! RR

(4.11)

ROOd 1 Rd ! ROOR

(4.12)

2ROOd 1 Rd ! R 5 O 1 H2 O 1 O2

(4.13)

2HOd2 ! HOOH 1 O2

(4.14)

ROd2 1 HOd2 ! ROOH 1 O2

(4.15)

Hydroperoxide groups are formed in the propagation reaction as shown in
Eq. (4.16). At wavelengths below 300 nm hydroperoxides are photolytically decomposed [54]. The most damaging UV wavelength for a specific plastic depends on
the bonds present and maximum degradation therefore occurs at different wavelengths for different types of plastics, e.g., it is around 300 nm for PE and
B370 nm for PP [35].
ROOH 1 hv ! ROd 1 d OH

(4.16)

PO are often used for outdoor applications. By virtue of the weather conditions
the material age and therefore change their properties (cracking of the surface, color
changes, embrittlement, decrease of the mechanical features, etc.). Weathering of
polymers may be caused by various factors, for example mechanical stress, oxidation, heat-, or biodegradation. One of the most severe factors contributing to photooxidation degradation is ultraviolet (UV) radiation [54]. Most of the synthetic polymers are susceptible to degradation initiated by UV and visible light. Normally the
near-UV radiations (wavelength 290400 nm) in the sun determine the lifetime of
polymeric materials in outdoor applications [55]. When PE and PP films are
exposed to solar UV radiation, they readily lose their extensibility, mechanical
strength, and mechanical integrity along with decrease in their average MW
[56,57]. The deleterious effects of solar UV radiation in particular on biopolymers,
and polymers are well known. The phenomenon is of special interest to the building
industry, which relies on polymer building products that are routinely exposed
to sunlight during use. Most of the common polymers used in such applications
contain photo-stabilizers in order to control photo-damage and to ensure
acceptable lifetimes under outdoor exposure conditions [58].

Photochemical oxidation degradation
Photochemical oxidation which is initiated by light is considered the reaction of a
chemical change in a substance which causes it to lose electrons. Photochemical
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oxidation processes generally involve the generation and use of relatively powerful
nonselective transient oxidizing species, primarily the hydroxyl radical (  OH) and
in some cases the singlet oxygen which can be generated by photochemical means.
The following processes can be considered photochemical oxidation process.
G

G

G

G

UV/oxidation processes
Vacuum ultraviolet (VUV) photolysis
The photo-fenton process
Sensitized photochemical oxidation processes

Research on polymer degradation has proof that practically all polymers and
polymer-based materials are oxidized by atmospheric oxygen. The reactions
induced in polymers by UV irradiation depend on different factors such as
internal and external impurities, physical state of the sample, chain structure
and characteristics of the radiation source, etc. Hydrogen atom abstraction
could occur to a certain extent when impurities in the polymer create macroradical sites. These will react with oxygen, thus producing peroxy radicals
and subsequently hydroperoxides, which are thermally and photochemically
unstable and will induce further breakdown. Again, polymer degradation
results in chemically irreversible reactions or physical changes, the knowledge
of the processes involved is important to prevent the premature failure of these
materials [59].
Oxidation processes based on the use of ozone (O3), hydrogen peroxide (H2O2),
and UV irradiation are currently employed for wastewater treatment as chemical
oxidation processes (O3/H2O2, O3, H2O2/Fe21) or photochemical oxidation
processes (H2O2/UV, O3/UV) [60]. Some researchers have studied photochemical
oxidation processes of some polymers. Sörensen et al. [61] investigated the degradation pathway for the oxidation of ethylenediaminetetraacetate (EDTA) in the
UV/H2O2-process. In absence of iron ions the mineralization of EDTA was dominated by the reaction of the HOradicals generated by the photolysis of H2O2. In
the presence of iron ions, photolytic decarboxylation processes inside the complex
get an important role during degradation, and the organic degradation products
ethylenediaminetriacetate, ethylenediaminediacetate, ethylenediaminemonoacetate
were found. By combining product studies with balances of carbon and nitrogen
the degradation pathway in the UV/H2O2-process could be elucidated. No toxic
degradation products were identified. Therefore the process was well suited for the
elimination of EDTA in water treatment.

Kinetics of photochemical oxidation of polyolefins
The kinetics of decomposition of PE and PP are very important because they provide insight into a complex radical chain mechanism, relevant for the design of
waste incineration and other recycling procedures. The kinetics of photochemical
oxidation of polyolefin has been investigated by some researchers [6264].
Photochemical oxidation can be described by a very close mechanistic scheme differing only by their initiation step. In any quantitative approach to the kinetics of
photochemical oxidation of a polymer the control of the initiation rate is of major
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importance. Polymers, in which the absorbing species are not identified, the absorption of light, are essentially dependent on the sample studied [65].
A mathematical expression for the oxidation rate was obtained through the conventional concepts of chemical kinetics by making four simplifying assumptions:
(1) unicity of reactive site, i.e., oxidation occurs exclusively on the most labile CH
bond; (2) low conversion ratios of oxidation process, i.e., concentration of reactive
sites remains virtually constant; (3) constancy of initiation rate in the case of oxidation induced by an extrinsic factor; (4) steady-state for radicals concentrations in all
oxidation cases, but also for hydroperoxides concentration in the case of pure thermal oxidation [66]. Cunliffe and Davis [67], Furneaux et al. [68], and Audouin
et al. [69] developed kinetics model with the aim of describing other oxidation
regimes of lower oxygen concentration than oxygen excess. These authors included
other possible termination reactions such as bimolecular combinations of
alkylalkyl and alkylperoxy radicals, to the previous mechanistic scheme. Long
kinetic chain and the existence of an interrelationship between termination rate constants were assumed. They obtained a hyperbolic expression for the oxidation rate
by making two additional simplifying assumptions; this was added to the previous
four assumptions. With this model the oxygen concentration dependence of the oxidation rate of thin polymer films was described and the critical value of the oxygen
partial pressure above which oxygen is in excess was determined. There are other
new developed kinetic models. The introduction of a term of photo-induced initiation in a numerical model has been performed by Kiil [70] in the case of the photooxidation of epoxy coatings, but the corresponding initiation rate has been
described through an empirical law.

Mechanism of photodegradation of polyolefins
Photo-oxidation is the result of the absorption of light, which leads to the formation
of radicals that induce oxidation of the material. For polyolefins (PE and PP, especially), photo-oxidation is the dominating mechanism because these polymers do
not have an inherent absorption at wavelengths present in terrestrial sunlight
( . 290400 nm), therefore, photolysis cannot play an important role. Although,
irradiation of these polymers with terrestrial wavelengths results in accelerated degradation; especially for PP, this can be attributed to the impurities that are formed
during storage and processing. The steps of photo-oxidation have been described in
Section 4.2.2.
The photodegradation mechanism [71,72] of PP occurs when primary events following irradiation of PP with UV light in vacuum are bond-scission and crosslinking as shown in Fig. 4.6.

CH3

CH3

-CH2-CH-CH2-CH

Figure 4.6 Chain scission of polypropylene.
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Figure 4.7 Dissociation of carbonhydrogen bond.
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Figure 4.8 Chain scission of PP as a result of disproportionation reaction.
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Figure 4.9 Crosslinking of polypropylene radicals [73].

The dissociation of carbonhydrogen bonds at the tertiary carbon is another possible reaction (see Fig. 4.7).
This could lead to chain scission by a disproportionation reaction (see Fig. 4.8).
Crosslink is formed by the reaction of two propylene radicals (Fig. 4.9).
Pure PE is a relatively stable material in the absence of oxygen, under UV radiation. Chain scission and hydrogen abstraction occur after a long exposure to UV
light of short wavelength (254 nm) in a nitrogen atmosphere or in vacuum.
Crosslinking and evolution [72] of hydrogen can also be observed (see Fig. 4.10).

Methods of photodegradation
The most important factors of photodegradation are sunlight, atmospheric oxygen,
air pollutants, moisture, and changes of temperature. Sunlight is of particular significance as it often triggers polymer degradation [74]. Since the weatherability of a
material solely relies on its resistance to all weather factors, the radiation from the
sun, especially the UV part is mainly responsible for limiting the lifetime of materials exposed to the environment. Therefore organizing the scope of weathering test
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Figure 4.10 Chain scission and crosslinking of polypropylene.

methods into logical order will assist in visualizing the tools that are available for
weathering tests.
Artificial weathering method Artificial weather testing process can be greatly
accelerated through the use of specially designed weathering environmental chambers. Although this speeds up the time needed to get results, however, the conditions are not always representative of real-world conditions. Artificial light sources
can also be used to approximately replicate outdoor conditions but with a greatly
reduced test time under highly controlled conditions. The use of plastics in outdoor
applications has greatly increased in the past six decades. With this increment, there
is a great need of using a good method in for the prediction of the outdoor durability of potential outdoor product. One of the most common methods employed for
this purpose is the artificial weathering devices. Most of the commercialized
devices used are gas-discharged lamp, fluorescent lamp, and electric arc (carbon) in
order to simulate/accelerate the effect of sunlight. These devices use a variety of
light sources in combination with programmed spray cycle with the aim of simultaneously simulating and accelerating outdoor weathering conditions [75]. The accelerated weathering of fibre-filled PE composites has been studied in order to
evaluate the relative durability of natural fibre-filled high-density polyethylene
composites (NF-HDPE) intended for exterior roofing applications based on a single
accelerated weathering protocol [76].
Natural weathering method Natural weathering test is conducted under natural
environmental conditions and is done by placing of samples on inclined racks oriented towards the sun. The directions in which these racks are placed are very
important. These racks are at an angle of 45 C in a Southerly direction of the
Northern Hemisphere and 45 C in the Northerly direction of the Southern
Hemisphere. The exposure to the full spectrum of solar radiation, from infrared to
ultraviolet is established by this angle. Sites used for this type of testing should be
areas with very high temperature. UV intensity and humidity are needed for maximum degradation. Ojeda et al. [10] studied the degradability of linear polyolefins
under natural weathering in order to assess the abiotic degradability of HDPE,
LLDPE, and PP extruded blown films with low or zero concentrations of antioxidant additives. They further studied the abiotic degradability of HDPE/LLDPE
blend containing a prooxidant additive (oxo-biodegradable blend), during 1 year of
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natural weathering period. Their study showed that the real durability of olefin
polymers may be much shorter than centuries. In less than 1 year the mechanical
properties of all samples decreased virtually to zero, as a consequence of severe
oxidative degradation, that resulted in substantial reduction in molar mass accompanied by a significant increase in content of the carbonyl groups.

4.1.2.3 Ozone-induced degradation
Ozone is an immensely reactive form of oxygen occurring around electrical discharges. It is also present in the atmosphere, but in small quantities. The presence
of ozone, even in very small concentrations, in the atmosphere significantly
increases the rate of polymeric materials aging [77]. Atmospheric ozone usually
causes the degradation of polymers under conditions that may be considered as normal; when other oxidative aging processes are very slow and the polymer retains its
properties for a rather longer time [7880]. Exposure of polyolefins to ozone gas
causes change in the mechanical properties of LLDPE; oriented PP. Degradation
can also be induced deliberately in order to assist in structural determination. This
structural determination includes the specification of molecular geometry; when
feasible and necessary, the electronic structure of the target molecule or other solids
can be determined.

Mechanism of ozone-induced degradation
The oxidation mechanism of polyolefin and other polymers in the presence of
ozone is well reported [8183]. In the presence of oxygen, almost all polymers
degrade faster than in an inert environment. The presumed ozone oxidation mechanism is due to the radical-based oxidation process where atomic oxygen is initially
formed by degradation of ozone [82]. An atomic oxygen arising from ozone decomposition attacks polymers, thereby producing carbon and hydroxyl radicals. The carbon radicle reacts almost immediately with the oxygen molecule, giving a peroxyl
radicle. The carbonyl oxide is considered to be the key intermediate in the C 5 C
bond ozonolysis mechanism. The produced peroxyl radicle further interacts
with the PE to produce carbonyl groups in the chain [81]. The concentration of the
peroxy groups depended on the ozone concentration and the exposure time of the
surface to ozone [84].

Methods of ozone-induced degradation
Ozone testing is a method used to determine a rubber or polymers resistance to
ozone degradation. The resistance level is determined by the physical appearance
and the severity of the cracks on the surface of the material sample. The polymers
samples are placed in a special chamber that exposes them to ozone at a specified
concentration, temperature and duration by doing a specification testing or standard.
A sample that does not stand up to the effects of ozone exposure will crack at the
surface and sometimes break in two. During this test a material sample will undergo
accelerated time/exposure ozone tests. The results of these tests are used to predict
the reaction of a material sample under dynamic or static surface tensile strain conditions in an atmosphere containing specified levels of ozone. The extent of
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reaction of polyolefins with ozone depends on the extent of agitation of the slurry,
the slurry temperature, solid consistency, and ozone concentration in the gas.
Because these tests are accelerated and only simulate long-term outdoor ozone
exposure, actual real-world exposure results may vary [85,86].

4.1.2.4 Mechanochemical degradation
Mechanochemical degradation of polymers is an aspect of polymer degradation
that takes place under mechanical stress and by strong ultrasonic irradiations. The
molecular chains breakdown as a result of a mechanical force or under shear; this
process is often aided by oxidation which is known as mechanochemical degradation. This type of degradation is common in machining process, such as mastication, grinding, and ball milling [87]. Rubber mastication, which leads to chain
breakage and development of plasticity under shear, is an example of mechanochemical degradation. Mastication of rubber in the atmosphere of nitrogen at ordinary temperature does not change the plasticity and MW appreciably, but with the
presence of oxygen, degradation occurs immediately and rapidly. Under mechanical shear the rubber molecules break into radicals and react with oxygen in the
atmosphere leading to permanent chain breakage. In nitrogen, however, the primary
radicals formed under shear immediately recombine to give no effective chain
breakage [88].

Mechanism of mechanochemical degradation
It is known that input of mechanical energy to polymers does not only produce
mechanical effects, it does produce chemical effect too. This effect is called the
mechanochemical effect. Polymeric materials show an exceptional range of
mechanical responses, which depend on the chemical and physical structure of the
polymer chains. The mechanical response of thermoplastic polymers is highly influenced by the molecular mass, chain entanglements, chain alignment, and degree of
crystallinity. High intensity ultrasounds can induce mechanochemical degradation
in polymeric materials. Polymer in such a case is subjected to very high vibrations,
which are only mechanical forces. As ultrasonic waves pass through the solution,
the localized shear gradient produces tear of molecules leading to chain scission
and decrease in MW [35].
It has been reported that the superposition of ultrasonic waves in extrusion
could greatly decrease the viscosity of polymer melts and improve production rate
[8991]. Ultrasonic oscillations can also greatly enhance the compatibility and
mechanical properties of HDPE/PS blends due to the in situ formation of interchain copolymer of PSHDPE. The effects of ultrasonic irradiation intensity and
the depth of ultrasonic irradiation on the mechanochemical degradation of HDPE
have been discussed [92]. The development of MWD of HDPE melt during ultrasonic degradation was also studied. The average MW of HDPE decreases with
increasing of ultrasonic intensity. A further increase in trends of under-graded
HDPE was observed with the increase of distance from ultrasonic probe tip, indicating that attenuation of ultrasonic intensity in HDPE melt is very quick. It was
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found that the weight average MW and MWD of HDPE depend, strongly on the
time of irradiation [92].

Methods of mechanochemical degradation
The method of ball milling is a widely used process in which mechanical force is
used to achieve chemical processing and transformations. In the past eight decades,
some work in understanding the response of polymeric materials to mechanical
stress was published by Staudinger and Bondy [93], who observed a decrease in the
MW of polymers in response to mastication. It was suggested that the MW reduction resulted from the homolytic carboncarbon bond cleavage due to mechanical
force. This suggestion was supported by electron spin resonance (ESR) experiments
of polymers cleaved by ball milling [93]. Sohma [94] stated that polymer molecules
in a liquid phase are scissioned by mechanical actions, such as either ultrasonic
waves or high-speed stirring. Although the main chain scissions generate free radicals (mechano radicals) of polymers in the liquid phase, however, the lifetimes of
these mechano radicals in a liquid phase are too short to be detected by the conventional ESR technique.
Polymers in an extruder are in a molten state and are under strong shearing
forces, i.e., the mechanical forces that will break the molecule of polymers. The
molten state is something between two extremes, i.e., a solid phase and an ordinary liquid of considerably less viscosity [94]. It has been found that mechanical
degradation reduces the average MW of the polymer [95]. The mechanochemical
degradation response of polymers to mechanical force is characterized [93] by a
variety of measures, including tensile strength, failure strain, stress, fracture
toughness (resistance to crack growth), and elastic modulus (initial slope of the
stressstrain curve).

4.1.2.5 Biodegradation
Biodegradation can be defined as nature’s way of recycling wastes, or breaking
down organic matter into nutrients that can be used by other organisms, i.e., biodegradation is the disintegration of materials by fungi, algae, bacteria, and other biological means. Biodegradation is considered a type of degradation involving biological
activity. Biodegradation is expected to be the major mechanism of loss for most
chemicals released into the environment. This process refers to the degradation and
assimilation of polymers by living microorganisms in order to produce degradation
products [96]. Biodegradable materials degrade into biomass, carbon dioxide, and
methane. In the case of synthetic polymers, microbial utilization of its carbon backbone as a carbon source is required [97]. It has been stated that research has focused
on developing biodegradable polymers since most of the polymers are resistant to
degradation [98]. The newly developed polymers are degraded and catabolized ultimately to carbon dioxide and water by bacterial and fungi under natural environment. During the degradation process, they should not generate any harmful
substances.
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Polymers degrade in microbial environments either by anaerobic or aerobic biodegradation and sometimes, a combination of the two. Aerobic biodegradation is
the degradation of polymer material by microorganisms in the presence of oxygen
with the subsequent conversion of carbon into carbon dioxide, biomass, and byproducts. On the other hand, anaerobic biodegradation is the degradation of polymer material by microorganisms in the absence of oxygen with the subsequent
conversion of carbon into carbon dioxide, methane or other hydrocarbons, biomass
and by-products [97]. The biodegradation that occurs in each environment is characterized by the total carbon conservation. The mass balance equation for aerobic
biodegradation of polymers [97] is given in Eq. (4.17):
CT 5 CO2 1 CR 1 CB

(4.17)

where CT is the total carbon content of the polymer material, CR is any residue of
the polymer that is left or any by-product that is formed during the degradation process, CO2 is the measurable gaseous product, and CB is the biomass produced by
the microorganisms through reproduction and growth. For the anaerobic environment the total carbon equation can be written as shown in Eq. (4.18).
CT 5 CO2 1 CH4 1 CR 1 CB

(4.18)

In this process the gaseous product is divided between carbon dioxide and methane. Both anaerobic and aerobic degradation can occur simultaneously in some
environments. The process of mineralization occurs during the conversion of biodegradable materials or biomass to gases (such as carbon dioxide, methane, and nitrogen compounds), water, salts, minerals, and residual. Mineralization is complete
when all the biodegradable materials or biomass are consumed and all the carbon is
converted to carbon dioxide [99].
The important bacteria in the biodegradation process include, interalia, Bacillus
(capable of producing thick-walled endospores that are resistant to heat, radiation,
and chemical disinfection), Pseudomonas, Klebsiella, Actinomycetes, Nocardia,
Streptomyces, Thermoactinomycetes, Micromonospora, Mycobacterium, Rhodococcus,
Flavobacterium, Comamonas, Escherichia, Azotobacter, and Alcaligenes (some of
them can accumulate polymer up to 90% of their dry mass) [97,100,101]. Fungi
that are active in the biodegradation process are Sporotrichum, Talaromyces,
Phanerochaete, Ganoderma, Thermoascus, Thielavia, Paecilomyces, Thermomyces,
Geotrichum, Cladosporium, Phlebia, Trametes, Candida, Penicillium, Chaetomium, and
Aerobasidium [102,103].
Polyolefin polymers are hydrophobic with high MW and are therefore not easily
degraded by abiotic or biotic factors. These molecules are unable to enter microbial
cells to be digested by intracellular enzymes due to their massive size and they are
inaccessible to the action of extracellular enzymes produced by microorganisms
due to their excellent barrier properties. Exposure to UV and heat is known to promote degradation of most polymers, however, polyolefins degrade very slowly
under environmental conditions [104]. Abiotic and biotic degradation of PEs using
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plastic bags of HDPE and LLDPE formulated with prooxidant additives as test
materials have been evaluated. These packaging materials were exposed to natural
weathering and periodically analyzed with respect to changes in mechanical and
structural properties. After a year of exposure, residue samples of the bags were
incubated in substrates (compost of urban solid waste, perlite, and soil) at 58 C and
at 50% humidity. The biodegradation of the materials was estimated by their mineralization to CO2. The molar mass of the prooxidant-activated PE decreased and
oxygen incorporation into the chains increased significantly during natural weathering. These samples showed a mineralization level of 12.4% after 3 months of incubation with compost. Higher extents of mineralization were obtained for saturated
humidity than for natural humidity. The growth of fungi of the genera Aspergillus
and Penicillium was observed on PE films containing prooxidant additives exposed
to natural weathering for 1 year or longer. Conventional PE films exposed to natural weathering showed marginally little biodegradation [105].

Oxo-biodegradations
Oxo-biodegradable process involves the transition of metals (some of which are
regulated) that theoretically foster oxidation and chain scission in plastics when
exposed to heat, air, and/or light. Thus oxo-biodegradable polymers contain prooxidants and pro-degrading compounds [105] that are integrated into the polymer
chain in order to accelerate thermo or photo-oxidation [105,106]. These prooxidants are metal ions or oxides, such as titanium oxide, that catalyze photo- or
thermo-oxidation of the polymer [105108]. During photodegradation (pro-oxidant
photocatalytic oxidation), free radicals obtained from the reactions catalyzed
by pro-oxidant causes polymer chain scission [106,107], speeding up microbial degradation [106]. UV light serves as a catalyst that speeds up the process of photocatalytic oxidation [108]. Literature has reported that polymers that degrade by
peroxidation followed by bioassimilation of the oxidation products (oxo-biodegradable polymers) are in general more environmental acceptable (“green”) than some
biologically produced hydro-biodegradable polymers [109].

Microbial degradation
The use of bioremediation and biotransformation methods to harness the naturally
occurring ability of microbial xenobiotic metabolism to degrade, transform, or accumulate environmental pollutants is known as microbial degradation. PO are characteristically inert and are resistant to microbial attack, leading to their accumulation
in the environment. Several studies have investigated the biodegradability of polyolefins containing pro-oxidants in the presence of microbial consortium present in
the environment and the selected microbial species in defined medium under controlled laboratory conditions [110114]. Microbial populations that have the ability
of degrading contaminants in the subsurface depend on a variety of physical, chemical, and biological factors that influence their metabolic activity, their growth, and
their existence. The characteristics and the properties of the environments in which
the microorganisms function have a serious impact on the microbial population, the

Polyolefins and the environment

109

rate of microbial transformations, the pathways of products of biodegradation, and,
of course, the persistence of contaminants.
The microbial degradation process of polymers is initiated by the secretion of
enzymes which cause a chain cleavage of the polymer into monomers [115].
During microbial activity, the microorganisms release protein structures [21],
called enzymes; these enzymes are responsible for metabolism or transformation/
breakdown of a substance into another (enzymatic dissimilation of the macromolecules from the chain ends). The microorganisms participating in the degrading process attack the surface and settle in a biofilm-like colony, which produces
alterations as it comes into contact with the polymer [116]. Biofilms are embedded
in the polymer at source, consisting basically of extracellular polysaccharides, proteins, and microorganisms [21,116]. In general, bacteria, fungi, alga, and protozoa
may be identified in biofilms. The formation of biofilms is a prerequisite to substance corrosion and/or material deterioration. Some polymers are susceptible to
direct biodegradation via enzymes and/or microorganisms, while others may allow
degradation only after a hydrolytic stage or scission of the oxidant chain [117].
Generally, an increase in the MW results in a decline of polymer degradability
by microorganisms. In contrast, monomers, dimers, and oligomers of a polymer’s
repeating units are much easily degraded and mineralized. High MWs result in a
sharp decrease in solubility making them unfavorable for microbial attack because
bacteria require the substrate to be assimilated through the cellular membrane and
then further degraded by cellular enzymes [118]. During degradation, exoenzymes
from microorganisms breakdown complex polymers yielding smaller molecules of
short chains, e.g., oligomers, dimers, and monomers, that are small enough to pass
the semipermeable outer bacterial membranes to be utilized as carbon and energy
sources. The process is called depolymerization [118]. It is now widely accepted
that abiotic oxidative degradation of high MW polyolefin into low MW compounds
is necessary to facilitate action of microorganisms and/or enzymes [104].

Enzymatic biodegradation
Enzymes are biological macromolecules that speed up chemical reactions without
themselves undergoing any permanent change. The molecules at the beginning of
the process upon which enzymes may act are called substrate and the enzyme converts these into different molecules, known as product. Enzymes are very selective
in their choice substrates, so that they bind to the specific substrates, thereby lowering the activation energy and thus inducing an increase in the reaction rates in an
environment otherwise unfavorable for chemical reactions. Some enzymes do not
need any additional component for their optimal activity and others require nonprotein molecules called cofactors, to be bound for activity. Inorganic cofactors include
metal ions such as sodium, potassium, magnesium, or calcium and organic cofactors, also known as coenzymes [104].
Substrates of MW higher than the cut off limit of the various transport systems
have to be depolymerized by enzymes outside the cell membrane before entrance
and terminal mineralization can complete the degradation process. Enzymes are
transported across the membrane but those remaining in the periplasm or anchored
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to the cell wall are called ectoenzymes, while those excreted into the surrounding
media are called extracellular enzymes [119]. Extracellular enzymes may be
excreted intentionally by living cells, enter the media by lysis or cell damage, or can
result from grazing activity by zooplankton and protozoan [120]. High MW polymers are not easily susceptible to enzymatic biodegradation as they are unable to
enter microbial cells due to their large size. In order to accomplish scission, microorganisms secrete specific enzymes or generate free radicals, which act on polymer
chains and break them down into oligomers, dimers, and/or monomers [104].

Mechanism of biodegradation
Common mechanisms of biodegradation that involve bioassimilation from the
‘‘ends’’ of substrate molecules do exist. The primary mechanism for the biodegradation of polymer with high MW is the oxidation or hydrolysis by enzyme in order
to create functional groups that improve its hydrophilicity. Consequently the main
chains of polymer are degraded, thereby resulting in a polymer of low MW and feeble mechanical properties, thus, making it more accessible for further microbial
assimilation [121]. Since commercial polyolefins have relatively high molar mass
values, there are very few ends of molecules accessible on or near the surfaces of
materials made from these resins [19]. It has however been observed that the oxidation products of polyolefins are biodegradable [122124]. Such products have
molar mass values that are significantly reduced, and they incorporate polar,
oxygen-containing groups such as acid, alcohol, and ketone [125]. This is the basis
for the term oxo-biodegradable polyolefins [19]. The biodegradation of polyolefins
always follows photodegradation and chemical degradation.
PE is one of the synthetic polymers that exhibit high hydrophobic level and high
MW. Naturally, it is not biodegradable. Therefore their use in the production of
packing materials and disposal pose serious environmental problems. In order to
make PE biodegradable, modification of its crystalline level, MW and mechanical
properties that are responsible for PE resistance towards degradation is required
[126]. This can be achieved by improving PE hydrophilic level and/or reducing its
polymer chain length by oxidation in order to be accessible for microbial degradation [127]. The degradation of PE can occur by different molecular mechanisms;
chemical, thermal, photo, and biodegradation [119]. It is known that biodegradation
of PE occurs by two mechanisms: hydro-biodegradation and oxo-biodegradation.
These two mechanisms agree with the modifications due to the two additives, i.e.,
pro-oxidant and starch used in the synthesis of biodegradable PE. In case of the
pro-oxidant additive, biodegradation occurs following photodegradation and chemical degradation. If the pro-oxidant is a metal combination, after transition, metal
catalyzed thermal peroxidation, biodegradation of low MW oxidation products
occurs sequentially. The most commonly used additives are stearate (St) complexes
of transition metals such as zinc (ZnSt), copper (CuSt), silver (AgSt), cobalt (CoSt),
nickel (NiSt), manganese (MnSt), chromium (CrSt), and vanadium (VSt), or alkaline earth metals such as magnesium (MgSt). Starch blended with PE has a continuous starch phase that makes the material hydrophilic and therefore, catalyzed by
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amylase enzymes. Microorganisms can easily access, attack, and remove this part.
Thus the hydrophilic PE as matrix continues to be hydro-biodegraded [128].
PP films and bioriented polypropylene are widely used in packaging and in a
variety of other applications due to their great potential in terms of barrier properties, brilliance, dimensional stability, and processability. As the use of the material
widens so does the amount of waste disposed off into the environment [5,129]. PP
biodegradation is possible by microorganisms; this process takes a long time, i.e.,
over hundreds of years to fully decompose. The amorphous regions of PP are the
most susceptible to degradation and the impurities in the polymeric material can act
as a catalyst for photodecomposition. The energy absorbed by means of heat, light,
mechanical strain, etc. causes the β-scission, and the peroxide and hydroperoxides
radicals generated catalyze the process [130132]. Owing to the presence of hydrogen linked to a tertiary carbon in the backbone chain, PP degrades preferentially by
chain scission with an overall shift of the MWD curve towards lower values [133].
As the total weight of the polymer used for gel permeation chromatography (GPC)
measurements is kept constant the area under the MWD curve is also kept constant.
The fragments of chains formed during scission are shorter than the original chains
and so during the (GPC) run they will be excluded from the higher MW side,
thereby reducing the weight fraction [dwt/d(MW)] at this point. They will be
retained for a long time in the GPC, while columns elute with other short chains,
thereby increasing the original weight fraction at this particular MW [133].

Methods of biodegradation
The usage of certain enzymes and organisms to degrade polymers are classified as
methods of biodegradation of polymers [98]. Appropriate selection of test procedure
based on the nature of plastic and the climatic conditions of the study environment
are the most important factors in the determination of biodegradation. Respirometry
tests can be used for aerobic microbes. During respirometry tests, a solid waste
sample is first place in a container with microorganisms and soil, and then the mixture is aerated. Over the course of several days, microorganisms digest the sample
bit by bit and produce carbon dioxide and the resulting amount of CO2 serves as an
indicator of degradation. Biodegradability can also be measured by anaerobic
microbes and the amount of methane or alloy that they are able to produce. A lot of
test methods have been developed by the International Standard Organization (ISO)
in order to assess the potential biodegradability of plastics [134] and by the
American Society for Testing and Materials (ASTM) [135].
Biodegradation can also be characterized with loss of weight. During degradation the mass of the material may undergo changes, and these changes can be monitored by comparing the mass before and after the degradation period. The material
should be dried to a constant mass before measuring the initial weight of the sample
in order to avoid residual moisture in the samples. The drying temperature should
not exceed the temperature at which the materials undergo irreversible changes
(e.g., melting temperature). After degradation the sample should be washed thoroughly with distilled or deionized water in order to remove traces of soluble degradation products, such as, enzymes, salts, or other impurities and then dried under
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vacuum conditions until constant weight is attained. The extent of degradation is
commonly determined by calculating the percentage weight loss [136].

4.1.2.6 Catalytic degradation
Catalytic degradation of plastic waste offers considerable advantages when compared to pure thermal degradation, as the latter demands relatively high temperatures and its products require further processing for their quality to be upgraded
[137]. The advantages of catalytic degradation are (1) the low cracking temperature
due to low activation energy and a short cracking time is required, (2) the high
cracking ability of plastics, (3) the low concentration of solid residue in the product,
and (4) the narrow product distribution with peaks of light hydrocarbons in the boiling point range of motor fuel and a high selectivity to liquid products [138]. Thus
the extreme effect of catalyzed decomposition of polymers has necessitated wave of
research in the area of catalysis and polymer degradation. Catalytic degradation
occurs at considerably low temperatures [139] and forms hydrocarbons in the range
of motor engine fuel [140,141] and thereby eliminating the necessity of further
processing. In such a recycling process, liquid fuel is the most valuable product.
Catalytic cracking applied to the breakdown of polyolefins has focused mainly
on polymer transformation into gaseous and liquid products of interest. For example, research has shown that for PE, the mesoporous material Al-MCM-41 produces
hydrocarbons within the gasoline fraction while ZSM-5 governs the cracking
towards light compounds with a large production of gaseous and aromatic hydrocarbons [142]. When Al-MCM-41 is used as a catalyst, the cracking occurs by a mechanism of random scission as a result of its large pore size and medium acidity. The
zeolite HZSM-5, on the other hand, results in an end-chain cracking pathway as a
result of its small pore size and strong acidity [142]. It has been proven that the catalyst’s particle size is very important in catalytic degradation; this was confirmed
by analyzing nanocrystalline zeolite ZSM-5 samples. A high cracking activity due
to their large external surface and low diffusional constraint was observed [142].
Furthermore, researchers have studied beta zeolites and found that the particles
with the smallest crystal size (B100 nm) give the best performance due to the bigger surface area and higher production of liquid compounds [143,144]. The addition
of a catalyst not only improves the quality of products obtained from pyrolysis of
plastic wastes, lowers the temperature of decomposition, but also enable a given
selectivity to a certain product to be achieved [35].

Mechanism of catalytic degradation
Demirbas [145] investigated the catalytic degradation of polyolefin using the TGA as
a potential method for screening catalysts and have found that the presence of catalyst
led to a decrease in the apparent activation energy. Different mechanisms (ionic and
free radical) for plastic pyrolysis proposed by different scientists are as given below.
Electrophilic catalysts cause marked changes in the kinetics of degradation of
polyolefins. There is a change in the gross mechanism, accompanied by a considerable increase in the rate and selectivity of the process [146]. The electrophilic
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catalytic degradation of polyolefins that occurs by a cationic mechanism [147] is
very interesting from the theoretical viewpoint as an example of the decomposition
of polymer products by terminal group or random mechanisms. In the last three
decades, studies on the catalytic degradation of polyolefins in the presence of
MAlCl4 complexes, a cationic process mechanism, have been carried out and interpreted on the basis of a possible single-electron oxidation of primary radicals
formed by the action of heat on the polymer [146].
1. Random thermal decomposition, with preference occurring at the weakest bonds, e.g.
(Fig. 4.11)
2. A redox reaction with the formation of the polymer carbocation; it is a mechanism which
would seem plausible only if M1 is relatively easily reduced (Fig. 4.12).
3. Depolymerization of the macroions with formation of monomer (Fig. 4.13):
4. Chain transfer to polymer with further depolymerization of the macroions starting from
end groups (Fig. 4.14):

Figure 4.11 Random thermal decomposition at the weakest bond.

Figure 4.12 A redox reaction with the formation of the polymer carbocation.

Figure 4.13 Depolymerization of the macroions with formation of monomer.

Figure 4.14 Chain transfer to polymer with further depolymerization of the macroions
starting from end groups.
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In catalysis by the hydrates of MAlCl4 salts the polyolefin degradation process is
initiated at the active site H 1 [MAlCI4 OH]—having the structure as shown in
Fig. 4.15.
The hydrate can initiate the degradation randomly along the chain and preferentially at end groups. The interaction of the catalyst with the weak bonds of the polymer chain is determined by the structure of the polyolefin. In PE the degradation
process is initiated mainly at the vinylidene and trans-vinylene internal double
bonds. The main initiation sites along the chain in butyl rubber are the coupling
points of the isobutylene fragments with the isoprene units. End group initiation
proceeds through the end double bonds [146]. It can be completely stated that the
processes of initiation of electrophilically catalyzed polyolefin degradation may be
expressed by the following structures:
G

1. End group processes, where R denotes CH3 and H for (polyisobutylene, butyl rubber),
and PE, respectively (Fig. 4.16).
2. Random hydride abstraction followed by chain cleavage (Fig. 4.17):
3. Or proton addition followed by chain cleavage (which is more probable for isobutyleneisoprene copolymer and PE) (Fig. 4.18):

It can be concluded that the electrophilic degradation of different polyolefins is
initiated by a few common pathways. Degradation may start either at double bond
end groups or at weak bonds along the chain. The path of the chain degradation
reaction is determined by the structure of the polyolefin.
Cl
Cl

Cl
Al

H

Cl
Na

O
H

Figure 4.15 Structure of polyolefin degradation process is initiated at the active site H 1
[MAlCI4 OH].
G

Figure 4.16 End group processes.

Figure 4.17 Random hydride abstraction.
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Figure 4.18 Proton addition followed by chain cleavage.

Figure 4.19 The sequence of radical chain reactions [148].

Sekine and Fujimoto [148] investigated the function of Fe and activated carbon
(AC) as a catalyst by comparing Fe/AC with Fe/SiO2 or AC. Furthermore, the
effect of H2 as a reaction gas on the product distribution in the catalytic degradation
of PP was investigated. The reaction mechanism shown in Fig. 4.19, explains the
reactions since Fe/AC is neither an acidic nor a basic catalyst, but a neutral catalyst.
Initially (1) the random scission of the CC bond of the main chain occurs with
heat, to produce hydrocarbon radicals (HCRs). This process initiates the reaction.
Then, (2) the HCR decomposes to produce small hydrocarbons such as propylene,
followed by β-scission or (3) pulls out H radicals from other hydrocarbons to produce a new HCR. The former is called intramolecular radical transfer, and the latter
is called intermolecular radical transfer. The three processes stated above are chain
reactions. The termination reactions are (4) disproportionation or (5) recombination
of two HCRs. In these mechanisms, (1) and (2) are the reactions in which the MWs
decrease, (3) and (4) show no change, and (5) is the reaction in which, no MWs
increase. In the case of catalytic degradation with Fe/AC in a H2 atmosphere, (6) is

116

Polyolefin Fibres

the hydrogenation of HCR (and olefin) and the pulling out of the H radical from
hydrocarbon (7) or HCR (8) by AC. They concluded that supported Fe promotes H2
consumption to decompose solid residues, and AC support degrades heavy oil to
produce light oil. As a result, using Fe/AC as a catalyst gives the maximum yield
of the liquid product.

Methods of catalytic degradation
The Taguchi technique is a method used for the designing of experiments to
investigate how different parameters affect the mean and variance of a process
performance characteristic that defines how well the process is functioning. The
Taguchi method involves reducing the variation in a process through robust
design of experiments (DOEs). The overall objective of the method is to produce
high quality product at low cost to the manufacturer [149]. In literature, parameters such as temperature, catalyst concentration, and catalyst type have been
identified. These parameters influence the decomposition of waste PP in a batch
process and the Taguchi method was used to optimize the process parameters for
the production of liquid fuel from waste PP. With the help of regression modeling
an equation was developed for the yield of liquid fuel as a function of temperature, catalyst concentration, and catalyst type [149]. Researchers have further
used the Taguchi experimental design to obtain optimum condition on catalytic
degradation of the polymers [150]. The purpose of their research was to determine
the maximum quantity of gasoline production from the degradation of mixed PE
and PP using the Taguchi technique as a DOE method. Their findings suggested
that the Taguchi is the most promising DOE method in order to investigate the
optimum condition to produce a maximized factor such as gasoline. Their second
major finding was that B51% of the polymers can be degraded to gasoline components which can be used as automobile fuel. Finally, Taguchi suggested that
420 C and 50% catalyst is the most promising condition for maximum production
of the gasoline from 40%, 20%, and 40% HDPE, PP, and LDPE as mixed
polymers, respectively [150].
Catalytic degradation of plastic sample can also be performed in a batch autoclave. In order to determine the effect of temperature and a new catalyst on converting the polyolefins in present of PVC into liquid fuel, the semibatch reactor with
ambient atmospheric conditions was designed. Also factorial design was employed
as the DOE’s method. The analysis of variance for the liquid and the gas showed
that the main effects of temperature, catalyst percentage and PVC composition are
significant. Also there is a significant interaction between temperature and catalyst
percentage to liquid and gas production. Similarly, survey of interaction among the
other factors indicated that there is not a significant interaction [151]. The effects of
catalysts on the catalytic degradation of polymer have also been investigated by
contacting melted polymers with catalyst in fixed bed reactors [152,153], heating
mixtures of polymer, and catalyst powders in reaction vessels [154,155], and
passing the products of polymer pyrolysis through fixed bed reactors containing
cracking catalysts [156].
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4.1.3 Factors affecting polyolefins degradation
4.1.3.1 Chemical composition
Chemical composition of polyolefins or polyolefins-based products play a very relevant role in their degradation. The presence of complete long carbon chains in the
thermoplastic polyolefins makes these polymers nonsusceptible to degradation by
microorganisms. Despite this the inclusion of hetero-groups such as oxygen in the
polymer chains, polymeric substances are made labile to thermal degradation and
biodegradation [38]. This is because many unsaturated polymers can undergo degradation from a range of sources, such as oxygen absorption, which leads to the
release of organic peroxides. Linear saturated polyolefins are resistant to oxidative
degradation. The presence of unsaturation in the polymer chain makes them susceptible to oxidation, for example natural rubber is more susceptible to degradation
than PE [157].

4.1.3.2 Size of molecules/molecular structure
Literatures have shown that degradation rate is dependent on the size of the
polyolefin being studied. Hydrogen has been used as a chain-transfer agent to
control the molecular mass of the polymer for the commercial production of
polyolefins such as PP and PE [158,159]. The particle size distribution of polymer particles was shifted to lower sizes by increasing the hydrogen concentration [159]. The size of the molecules in the polymers affects their mechanical
degradation, thermal degradation, and biodegradation. These degradations
increase as the size of the molecule decreases [38]. Paik and Kar [160,161] discovered that the particle size of PP and PE influences the thermal stability of
these polymers, but they did not consider the molecular mass of the samples.
Abbas-Abadi et al. [162] investigated the molecular mass of particle size on the
thermal degradation of a commercial HDPE powder and they found that the biggest particles ( . 200 nm) with highest molecular mass maintained superior thermal stability of these particles. Their results showed that molecular mass is not
the only key factor and in smaller sizes, bulk density, and heat transfer can affect
the thermal stability.
Structure has a strong influence on the other properties of polyolefins. Thermal
oxidation is complex process, including chain oxidation of HCRs, destruction of
macrochains and structure formation (crosslinking, crystallization). Thermal oxidation is accompanied by structuralphysical processes, leading to structure
change (structural reconstruction) under the action of high temperature. The
mechanism of these processes will depend on the polymer’s morphology and in it
turn, will influence the oxidation kinetics. The effect of a polymer crystallites in
vacuum and on air: the effect of high temperature may lead to perfection of crystallites structure, rise of temperature and melting heat, at the same time at long
high temperature effect the destruction of chains occurs and crystallites are
decomposed [163].
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4.1.3.3 Molecular weight
The MW is also important for biodegradability because it determines many physical
properties of the polymer. Increasing the MW of the polymer decreased its degradability [164]. It has been reported in the literature that some microorganisms, for
their growth, attack and utilize faster, polyolefins with low MW when compared to
high MW polyolefins [165]. Linear polyolefins with MW lower than B620 support
microbial growth [166]. Degradation of plastic polymers can further lead to low
MW polymer fragments, such as monomers and oligomers can lead to the formation
of new end groups, especially carboxylic acids [167]. As the MW of the polymers
is reduced, the material becomes brittle [168] and it is more susceptible to fragmentation which makes a higher surface area available for further reactions. Owing to
the high MW and the lack of functional groups biodegradation of long polyolefin
chains is limited. [169,170]. Therefore high MW PE, PP, and PS polymers must be
broken down by abiotic degradation to smaller pieces before biodegradation at a
measurable rate takes place. If the polymers are too large, they cannot pass through
the microbial cellular membranes [171].

4.1.3.4 Functionality
Polymers bearing polar functionalized side groups are highly desired materials,
due to their unique and rapidly expanding range of material properties. When
compared to their nonfunctionalized analogues they exhibit beneficial properties
with respect to adhesion, toughness, print/paintability, miscibility, and rheological
properties [172].
Nonfunctionalized polyolefins (i.e., polyethene and polypropene) have found
their way in many (commodity) applications due to their outstanding properties,
such as solvent resistance and thermal stability. Nowadays, these materials can easily be obtained in large scales and at low cost with very high precision of the polymer microstructures. However, due to the lack of functional groups in these
polymers, they perform badly when surface chemistry is involved [173]. Thus functional polyolefins such as polyethene or polypropene that bear functional groups are
highly desired materials, due to their beneficial surface properties. The incorporation of only a small amount of functionalized monomers, randomly placed in the
polymer backbone, has a large effect on the surface properties of the resulting polymers, while the beneficial properties of the original nonfunctionalized polyolefins
are retained [174,175]. The properties of the resulting materials can be further tuned
by varying the structure of the functional groups, the amount of incorporation and
the distribution of the polar functionalities along the polymer chain [173].
The choice of materials that will be incorporated onto PO is very important.
Introduction of carbonyl groups in PO makes these polymers susceptible to photodegradation. As the number of chromophores increases the rate of photodegradation
increases due to the extra sites, which are available to absorb more photons and to
initiate the reaction for degradation. PO undergo slow sulfonation and oxidative
degradation by reagents based on concentrated sulfuric acid. In chromic acid,
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sulfonation results, in the more rapid oxidative degradation of PP with a slower
attack on PE [35]. Obtaining functionalized polymers via direct copolymerization
of nonfunctionalized olefins and polar vinyl monomers is of particular interest,
since the control over the amount of polar monomers and their distribution along
the chain could in principle be achieved by exploiting the reactivity differences of
both monomers [175177].

4.1.4 Controlling polyolefins degradation rate
4.1.4.1 Effect of pigments and dyes
Organic pigments and dyes are widely used in the coloration of polymer materials
for many commercial applications. However, the presence of dyes and pigments
can dramatically influence the chemistry of oxidation, degradation, and stabilization
processes involved in a polymer and will quite often dominate the stability of the
end-product. For example, by absorbing and/or scattering of UV light, pigments can
induce a marked protective effect. The absorption of light by organic dyes and pigments is followed by various chemical and physical interactions which result from
the dye or pigment molecules being promoted to an excited state which is more
reactive than the ground state [77].
Pigments are colored, white or black materials, which are practically insoluble in
the medium in which they are applied. Pigment is incorporated into the polymer by
a dispersion process and forms in the material, a separate phase. They are conveniently classified as either inorganic or organic types. The properties of a pigment
are primarily dependent on its chemical structure, i.e., the way in which the molecules pack in their crystal lattice [178]. Certain pigments, e.g., copper phthalocyanine, exist in different polymorphic forms with significantly different optical and
stability properties. Other important factors, especially in influencing the strength
or intensity of color of pigments, are particle shape and size.
The patent US 4360606 discussed organic dyes being used as photosensitizers
[179]. Examples, such as acridine orange and yellow, congo red, crystal violet, brilliant green, bromothymol blue, alizarin, azure B, N,N-dimethyl-p-phenylazoaniline,
and methylene blue, were given. The chemical structures of some of these dyes
show some comparability to some of the structures listed as prodegradants, for
example, alizarin is based on an anthraquinone type structure. Most other dyes contain highly conjugated unsaturated ethylene double bond groups [104]. In addition
to organic dyes, inorganic pigments such as TiO2 and ZnO that are often added to
whiten the polymer can influence the degradation rate. As mentioned in the earlier
section of this report, the photo activity of these additives is dependent on particle
size, surface treatment, and crystalline form as well as any metal ion dopants that
may be used [104].
Investigations on pigmentpolymer stability interactions have been carried out
with polyolefins, but there are limited studies which actually indicate that the pigments can have effect on the light stability of other polymers too [77]. Black,
brown, and red pigments were recommended to improve color and physical

120

Polyolefin Fibres

properties of Acrylonitrile-Butadiene-styrene rubber under weather aging. In rigid
PVC, most pigments contributed to improved light stability on outdoor exposure. It
was found that the surfaces degraded a lot faster than the bulk of the polymer with
only minor differences in surface protection by the various organic and inorganic
pigments (phthalocyanine blue, iron oxide red, channel black, P. Red 48, P. Yellow
83) [180182].

4.1.5 Controlling environmental degradation of polyolefins
PO are known to degrade by an oxo-biodegradation mechanism and there is a single
standard test method developed and published, namely, ASTM D6954-04, is a standard guide for exposing and testing plastics that degrade into the environment by a
combination of oxidation and biodegradation. This guide provides a framework to
compare and rank controlled laboratory rates of degradation and the degree of physical property changes of polymers by thermal and photo-oxidation processes and
the biodegradation and ecological impacts in defined applications and the disposal
environments after degradation. There are conditions selected for oxidation (UV or
thermal at 2070oC) in order to speed up the degradation likely to occur in a chosen application and disposal environment. The resulting residues from abiotic oxidation are then exposed to appropriate disposal or use environments in standard
biometric test methods in order to measure the rate and degree of biodegradation.
Lastly, the end-residues must be submitted to aquatic and terrestrial toxicity tests
(E 1440, OCED guideline 207, and OCED guideline 208) in order to ensure that
they are environmentally benign and not persistent [77]. Each degradation stage
during polyolefins processes should be independently evaluated in order to allow a
combined evaluation of polyolefins environmental performance under controlled
laboratory settings. According to the standard of the control of environmental degradation of polyolefins the results of laboratory exposure cannot be directly extrapolated to estimate absolute rate of deterioration by the environment because the
acceleration factor is material dependent and can be significantly different for each
material and for different formulations of the same material. However, the exposure
of a similar material of known outdoor performance (as a control) at the same time
as the test specimens, allows comparison of the durability relative to that of the
control under the test conditions [77].
In a growing number of cases the controlled degradation of a polymer in the
environment is the desired result in the polymer processing industries. Electron irradiation technique is a well-known technique for crosslinking, graft-linking, and
polymerization in the polymer industry [183]. Controlling the degree of degradation
in the environment, with a consistent MWD of polymers, savings achieved in the
use of chemicals (in conventional methods), reduced costs and environmentally
friendly processes are the beneficial effects of using radiation technology in the
polymer industries. Efforts should thus, be expanded to reducing the cost of irradiation required in such technologies. For example, advantages of employing high
energy radiation to crosslink PE are that: (1) it can be performed at room temperature, (2) it offers increased flexibility in product processing, (3) varying degrees of
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cure can be obtained without changing the product formulation, and (4) no impurities in the form of catalyst fragments are introduced into the material. In addition
the production rate is higher and not subject to as many potential equipment problems as the thermal process [184].
Future progress in the capability to control the radiation-induced degradation of
polymers is dependent on the understanding of the fundamental processes underlying degradation phenomena. Radiation degradation mechanisms are exceedingly
complex, and constitute numerous chemical reaction sequences that result in
changes to molecular structure. Significant changes in material morphology can
also occur. The economics of controlled degradation process depends strongly on
the doses involved to achieve a certain degree of MW change. The anticipated level
of degradation should therefore be achieved at the lowest possible doses. The use
of some oxidizing agents in small amounts has proven to help in reducing the
required doses to economically acceptable lower levels [185].

4.1.6 Challenges for new generation of polyolefins
New generation of polyolefins plays a major role in the environmental issue and
every progress achieved for them is a substantial progress for the whole issue. The
modern approach to environmental issues deeply involves a wide sector of materials. Beside the several aspects that common to other parts of the processing industry, such as the use of friendly chemicals, clean and safe processes, and very low or
zero emissions, other questions must be taken into consideration. It is highly desirable that the material does not have any negative effect on the environment during
processing and during its transformation into articles or components. Again, it is
very important to avoid similar negative effects on polyolefins at the end of their
life [186].
Polyolefin-based materials are widely used in almost every aspect of processing
industries due to their excellent properties, the ease of processing, recyclability, and
of course a good performance cost. Compounding ingredients, such as mineral fillers, glass fibres, elastomers, flame retardants, pigments, or carbon black, are incorporated into the polymer according to its future application. With regards to this
composition the analysis of polymeric materials turns out to be a challenging analytical task. Stabilizers are used at various stages of a polymer life cycle. It starts
with controlling reaction rates or avoiding early polymerization in the actual polymer formation. Thus the analysis of stabilizers is very significant on multiple levels.
Firstly, it is evident that the quantity of stabilizers is a matter of analytical concern
because the concentration of these stabilizers determines how long a polymer will
be stabilized sufficiently; thus formulating these stabilizers can be challenging.
Secondly, stabilizers might be degraded by reactions unrelated to any stabilization.
This decreases the concentration of intact stabilizer in the polymer and is hence
undesirable. A knowledge on the formation of the degradation products helps to
identify these degradation pathways of the stabilizers and to avoid them [187].
Lastly, degradation products of stabilizers generated when protecting the polymer
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should be identified in order to have a better insight into involved reactions. If they
are quantified, it is possible to determine the original level of stabilization.

4.1.7 Long-term performance of polyolefins
in different environments
In the aspect of polyolefins processing; material performance has evolved significantly. This has enabled the demonstration and the validation of long-term performance of these new materials. Understanding the mechanisms of aging for any
material and the key factors influencing the performance of polyolefins in their end
use, is very important in knowing the capacity of how the material will be best
applied and in the development of the methodologies that will be used in projecting
the long-term performance of the product in service.
Antioxidants, UV stabilizers, and other protective additives have been developed
in the past in order to improve the long-term durability of polyolefins, particularly
in the outdoor environment. It is important for polyolefins to retain its useful properties through one or more fabrication procedures, e.g., extrusion, blending, injection molding, and palletizing and the final product must have a reasonable storage
life. It is the end of the product service life that the controlled lifetime of polyolefins must degrade in whatever environment it is discarded [188]. The long-term performance of stabilized polyolefins in different environments has been studied with
a focus on antioxidant consumption and migration [189]. The study was divided
into two parts: In the first part, the migration behavior of three similar bifunctional
phenolic antioxidants in two types of PE, in different media, was studied. Focus
was then set on the antioxidants migration behavior due to factors such as media,
antioxidant structure, morphology, and surface properties of the PE. The author
[189] found that the structure of the antioxidants was similar; still the surrounding
media had to be taken into account as a factor to influence the migration behavior.
The more polar antioxidant showed a fast loss to the surrounding medium in the
shape of water, both water saturated with air and water saturated with nitrogen. The
chemical consumption of antioxidant was observed and the direct presence of oxygen as in air was the opposite of inert atmosphere, this was not playing a significant
role in the migration behavior of antioxidant. The presence of oxygen however, as
in water saturated with air, when compared to water saturated with nitrogen gas,
had an impact on the migration behavior with an increase of loss of antioxidant due
a high loss rate from the polymer boundary. The linear polyethylene samples
showed in all cases, the fast loss of antioxidant when compared with the branched
(BPE) samples. The large molecular size of the phenolic antioxidants was suggested
as a reason. The amorphous area next to the crystal lamellae, interfacial component,
was suggested to be more difficult to penetrate for the diffusant due to its large size
and rigidity.
In the second part, polyolefin, pressurized pipes were exposed to chlorinated
water at elevated temperatures. The author found that the PE pipes were stabilized
with hindered phenols and phosphates. Measurement of the oxidation induction

Polyolefins and the environment

123

time, using the DSC showed that the stabilizing system was rapidly consumed,
chemically by the action of chlorinated water. Extensive polymer degradation was
confined strictly to the surface and to the amorphous phase of the semicrystalline
polymer. The growth of the highly degradated layer was constant in time. For the
poly butene-1 (PB-1) pipes the chlorinated water caused an early depletion of the
antioxidant system, with polymer degradation at the inner wall material, resulting
to an early pipe failure. The reduction in the antioxidant concentration was essentially independent of the chlorine concentration in the range 0.51.5 ppm of Cl.
The lifetime shortening in the isotactic poly(butene-1) pipes exposed to chlorinated
water (0.53 ppm) was approximately by a factor of 10 with respect to that
obtained with pure water. The lifetime shortening was significant even at low chlorine concentrations (0.5 ppm) and a further increase in chlorine content led only to
a moderate additional decrease of lifetime [189].

4.1.8 Conclusion
Plastic wastes are of universal concern because of their long-term environmental
and economic impacts and waste management problem. Degradation of plastic
waste by various means and further assimilation into the environment is one of the
ways that can be employed to curtail waste management problems. The degradation
of polyolefins materials is caused by exposure to various factors such as heat, irradiation ozone, UV light, mechanical stress, and microbes. Degradation is further
promoted by oxygen, humidity, and strain and led to such negative effects as brittleness, cracking, and fading. The mechanism of polymer degradation is highly complicated, involving simultaneous formation and decomposition of hydroperoxides.
Understanding the mechanism of polymer degradation can go a long way in assisting researchers and the technologists to induce the different types of degradation
in polyolefins. The addition of additives in polymers and the capacity to know the
various factors responsible for these degradations could help to intensify these
degradations.
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[189] Lundbäck M. Long-term performance of polyolefins in different environments including chlorinated water: antioxidants consumption and migration, and polymer degradation. Stockholm: KTH Fibre and Polymer Technology; 2005.

This page intentionally left blank

The use of polyolefins in
industrial and medical
applications

5

Yong K. Kim
University of Massachusetts, Dartmouth, MA, United States

5.1

Introduction

Polyolefin fibres are spun from polymers or copolymers of olefin hydrocarbons,
such as ethylene and propylene, which are derived from naphtha cracking of crude
oil. The US Federal Trade commission defines ‘olefin fibres’ as manufactured
fibres in which fibre forming substances are any long chain polymers composed of
at least 85% by weight of ethylene, propylene, or other olefin units [1].
The first polyolefin fibres were extruded from the low density polyethylene
(LDPE) in 1930s after LDPE was synthesized at Imperial Chemical Industries. In
1954, Ziegler developed addition polymerization process for linear high density
polyethylene (HDPE), from which relatively small amounts of multi-filaments and
monofilaments have been produced for a number of small-volume applications
requiring special properties of the HDPE. Although these fibres had markedly
improved properties over the LDPEs, HDPE fibres of relatively low melting point
could not play a significant role in textile applications in general. Since commercial
production began in1957, polypropylene (PP) has shown a dramatic market growth
in plastic history. By mid 1990s, PP moved to the number one position in worldwide demand among thermoplastic resins such as PVC, polystyrene, and HDPE.
This also changed the polyolefin fibre situation dramatically. Application of polyolefins expanded to beyond the limited specialty of HDPE. PP fibres are extruded to
produce nonwovens, staple fibres, bulked continuous filaments (BCF), continuous
filaments for apparel, home furnishing, medical and other industrial applications.
PP fibres display a combination of properties which can serve them well in applications that extend throughout the textile field including technical applications.
The polyolefin fibres are primarily used in consumer products such as carpets
and rugs (including backing material). Since 1980s, advances in tufting and weaving technology have made it possible to quickly and easily produce highly complicated, eye-pleasing polyolefin fibre tapestries in a variety of colors, yarn types,
gauges, and pile heights, which cause a significant market share growth of polyolefin carpet yarns taken away from nylon carpet face yarns in tufted and woven carpets and rugs. Polyolefin fibres have also successfully displaced jute as the primary
and secondary backing substrate for tufted carpets in virtually all parts of the world.
In the recent years, olefin fibres have also been used to manufacture synthetic turf.
Polyolefin Fibres. DOI: http://dx.doi.org/10.1016/B978-0-08-101132-4.00005-9
Copyright © 2017 Elsevier Ltd. All rights reserved.
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The next mostly use of polyolefin fibres is in nonwovens, which are used in
many different applications including agricultural fabrics, construction sheeting,
automotive fabrics, geotextiles, filtration media, hygiene and industrial wipes.
Staple laid consumer nonwovens are also extensively used in personal care, sanitary
and medical applications, although in this markets they compete strongly with
spun-bond nonwovens.
Polyolefin fibres, in particular slit films and monofilament, are used in industrial
applications to manufacture ropes, cordages, agricultural nets, and FIBCs (flexible
intermediate bulk containers). Minor applications include concrete and paper reinforcement, and sun protection textiles such as awnings, boat coverings, tents, and
garden furniture upholstery.
Polyolefin fibre production capacity in the U.S. is shown in Figure 5.1. Total
synthetic fibre production reached 4.5 Mt (10.0 billion lb) by year 1997 and
levelled off. Polyolefin fibre production by year 2000 was over 1.45 Mt (3.18 billion lb), while the polyester total was 1.76 Mt (3.87 billion lb) [2]. In Figure 5.2,
filament yarn type of polyolefins shows dramatic increases in production, but staple, tow and fibre-fill polyolefins were in moderate growth from 1965 to 2000.
Polyolefin fibres had been one of the fastest growing segments of the synthetic
fibre industry, with growth rates of about 6%, due primarily to high growth in
grassroots production capacity in developing countries and increasing use in carpets
and rugs and in nonwoven fabrics in the industrialized nations. Since 2000, growth
has slowed, particularly in the developed economies, as a result of the slump in carpet yarn demand as well as an escalation in the price of polypropylene (PP), which
in turn affected the price of PP fibres. The economic slowdown in 20082009 further amplified this trend, with the slump in the housing market (reducing demand
for carpet) and a decline in government civil engineering investments (reducing
demand for technical nonwovens, such as geotextiles). Rising PP resin prices also
encouraged substitution by lower-cost polyester fibre, especially applications like
nonwovens, where recycled PET staple fibres can be successfully employed [3].
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Western European consumption of PP was about 1.3 Mt in 1980. This includes
injection molding compounds for house hold goods and appliances, films for packaging, and fibres. By 2000, PP demand in this region dramatically increased to 7 Mt, and
applications added were nonwovens, staple fibres, bulked continuous filament (BCF),
and other technical textile applications. The PP polymer demand in expanded EU—
from 15 to 25 members—was estimated to about 8.46 Mt as of the year 2003 [4].
European Association of Textile Polyolefins (EATP) reported in 2015 that [5]:
G

G
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G
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Polypropylene (PP) and polyethylene (PE)—in the total European textiles market was
stagnant in 2013 and accounted for 38.5% of all man-made materials used for textiles.
In absolute figures, polyolefin production in Greater Europe declined between 2011 and
2013 from 2,452,000 tons to an estimated 2,350,000 tons, a fall of 4.2 percent.
In the European Union (28 countries) output of polypropylene spunbonded and meltblown, the largest sub-sector has fallen by 5.6 percent from 610,000 tons to an estimated
575,500 tons between 2011 and 2013. During the same period, polypropylene staple fibre
declined by 5 percent from 445,500 tons to 423,500 tons.
In contrast, the total production of polyolefins in Turkey between 2011 and 2013 rose by
6 percent from 531,000 tons to 563,000 tons.
Between 2000 and 2014 total consumption of all floorcoverings in the European Union
(28) fell by almost 20 percent from 2107 million m2 to 1700 million m2 . However textile
floorcoverings are still the largest sector with a market share of 38%.

In 1979, high performance polyethylene (HPPE) fibres from ultra-high molecular
weight polyethylene (UHMW-PE) were introduced by DSM High Performance
Fibres in the Netherlands. This gel-spun UHMW-PE fibre was 6 times stronger
(3.6 GPa or 3.7 N/tex) and 20 times stiffer (116 GPa or 120 N/tex) than commercial
PP fibre. By 1990, HPPE fibres were commercially produced by DSM (Dyneema)
and Allied Signal, now Honeywell (Spectra) [6]. The HPPE fibres can compete
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with aramid, carbon, and glass fibres in industrial applications such as composite
reinforcements, high performance ropes, and joint replacement in medical implant.
In this chapter, the applications of polyolefin fibres in technical textiles with special emphasis on medical and industrial areas are discussed.

5.2

Technical textile applications of polyolefins

Technical textiles span over diverse application areas, in which fibre based products
meet specific functionalities required for the given applications. Technical textiles
can be divided into 12 areas according to Techtextil 2005, an International Trade
Fair for Technical Textiles held in Frankfurt am Main, Germany as follows [7]:
Agrotech: Horticulture, landscaping, agriculture, forestry, and livestock breeding, fences
etc.
Buildtech: Membrane, lightweight and solid construction, industrial and temporary construction, interior construction, hydraulic engineering, fibre reinforced concrete.
Clothtech: Functional clothing, shoes, etc.
Geotech: Underground engineering; road, dike, and disposal site construction; mining, for
example, protective nets, scaffolding; textiles in erosion prevention, shore, and bank
reinforcement.
Hometech: Furniture, upholstery, interior decorating, carpets, floor covering.
Indutech: Filtration, cleaning, mechanical engineering, chemical and electrical industry,
composites, gear belts, conveyor belts, grinding wheels.
Medtech: Medicine, hygiene, linen, work clothes, dressing material, veins, dialysis,
implants, and surgical seam thread.
Mobiltech: Bicycle, car, motor bike, train, bus ship, aeronautical and aerospace vehicles,
hot-air balloons, airships, kites, airbags, safety belts, seat covers, upholstery, interior car
lining, carpet, door lining, tire cord, tarpaulin fabrics, gear belts, tubes, clutch and brake
lining, insulation material, composites, car armoring.
Ecotech: Environmental protection, recycling, disposal, etc.
Packtech: Packaging, protective cover systems, cords, belts, sacks storage systems
Protech: Personal and property protection, insulation, water reservation, bullet proof
vests, warning vests, sound insulation, building protection.
Sporttech: Sports and leisure active ware, functional sportswear, sports equipment, textile
membranes for surfing sails and boards, sailing, and hang gliding.

Various natural and manufactured fibres are used to fabricate functionally
suitable textile structures for these technical applications by weaving, knitting,
braiding, nonwoven, knotting, coating and some combination of these conversion
processes. The fibre types are selected based on the functional requirements such as
mechanical thermal, environmental, biological, physical and chemical properties.
The most significant technical textiles based on polyoelfins are in nonwovens,
which are used in many different applications including agricultural fabrics, construction sheeting, automotive fabrics, geotextiles, filtration media and industrial
wipes. Staple laid consumer nonwovens are also extensively used in personal care,
sanitary and medical applications, although in this markets they compete strongly
with spunbond nonwovens.
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Polyolefin fibres, in particular slit films and monofilament, are used in industrial
applications to manufacture ropes, cordages, agricultural nets and FIBCs (flexible
intermediate bulk containers). Minor applications include concrete and paper reinforcement, and sun protection textiles such as awnings, boat coverings, tents and
garden furniture upholstery.

5.3

Polyolefin fibre types and properties

It is imperative for developing a desirable product to select fibre types based on the
functional requirements for the target product design such as mechanical thermal,
environmental, biological, physical and chemical properties. In this section polyolefin fibre properties, forms and types are discussed.

5.3.1 Polyolefin properties
A typical polyolefin fibre density range is from 0.90 to 0.96 g cm23 and shows
extremely low moisture regain. Polyolefin fibres, thus, are suitable choices for
applications requiring aquatic buoyancy and negligible moisture regain, such as
mooring ropes, oil spill booms, and fishing nets, etc.
Polyolefin fibres have good tensile properties, good abrasion resistance and excellent resistance to chemicals, mildew, micro-organisms and insects. Polyolefin textile
structures show good wicking action, high insulation, and are comfortable to the
skin, which are significant factors for active sportswear and protective clothing.
However, polyolefins have problematic properties for certain applications. For example, they cannot be used in high service temperature applications, due to low melting
point: polyethylene, 120125  C; polypropylene, 160165  C. The fibres cannot be
used in exterior effect surfaces, due to the fact that polyolefins are prone to photodegradation, inferior shrink resistance above 100  C, difficult to dye and limited spun
dyed shades. Olefins also have high flammability, inferior resilience and creep under
stress [8].
In a polyolefin based product development for technical textile application, one
must balance the advantageous properties and inferior properties of the materials to
meet the end-use requirements by blending and/or hybriding with other fibres or
polymers and additives including nanoparticles.

5.3.2 Types and forms of polyolefin fibres
Multifilament yarns are produced in three types: partially oriented yarns (POY),
fully oriented yarns (FOY) and bulked continuous filament (BCF). The POY yarns
are drawn and further processed to convert into FOY or BCF. The processed POY
yarns are used for such applications as upholstery cover fabrics, sportswear, and
socks.
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The FOY yarns are produced by a continuous process of combined spinning and
drawing at 5000 m/min. By controlling the process variables with different polymer
grades used, the produced FOY yarns have different mechanical properties. For
example, high-tenacity FOYs are for technical textiles, and standard FOYs are for
traditional apparel applications. The linear density (mass per unit length) of the
extruded filament is 12 dtex for standard yarns or 510 dtex for high-tenacity
yarns. Tenacities of standard yarns are 3050 cN/tex, whereas those of the hightenacity yarns are 5070 cN/tex or higher [8].
The BCF process combines high-speed spinning, drawing and texturing into one
continuous process. The mostly employed method of texturing is the stuffer box
crimp process for polyolefins, while a false twist method based on stack of disks or
cross-belt system are used in PET polyester texturizing.

5.3.3 Monofilaments
Monofilaments of high tensile strength are mostly used in technical textile applications, such as belts, ropes etc., and medical textiles such as surgical mesh and sutures.
Typical linear density of monofilaments are 100 dtex or higher. Hence, they are
much coarser than multifilaments. Monofilaments are often extruded at lower speeds
into water bath for quenching to prevent curling tendency of air cooled heavy filaments. A typical drawing process followed consists of as many as three stages, often
in a hot water bath or hot air ducts [8].

5.3.4 Staple fibres
Staple fibres can be produced by a two-stage discontinuous process or a singlestage compact continuous process. The two-stage process is employed for high
quality, very fine staple fibre (0.5 dtex per fibre) in large scale production. The first
stage is high speed spinning (B2000 m/min) for tow production. The second stage
consists of drawing, crimping, cutting into staple, and baling. The compact singlestage process combines all the production stages by connecting lower speed spinning stage to a drawing unit. The fibres of 13 dtex produced by compact spinning
are typically used for carpet yarns and nonwoven products.

5.3.5 Tape yarns
Tapes can be produced by two methods. In the more common method, a film of
polyolefin is extruded and cooled on rollers or in a water bath. The film is then
stretched uniaxially at high draw ratio, up to eleven times, before fibrillation
depending on application requirements. Usually, the film is slit to widths of
110 mm for textile fibre uses or 1535 mm for rope production, and 4080 mm
for other various applications. Slitters essentially are bars that are equipped with
razor blades which are set at the desired spacing. Alternatively, the actual fibrillation process may produce tapes of the desired dimensions. The tapes produced possess high tenacities, e.g. up to 67 N/tex for PP tapes, and are used in carpet
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backings, sacks and bags. In the second method, each tape is extruded separately
through an individual slit-shaped orifice. This process is much more expensive and
is generally confined to specialist uses, such as dental and medical applications [8].
The choice of polymer for split-film processes affects not only the final mechanical properties, but also the ability of the fibres to fibrillate. Fibrillation tends to be
controlled most effectively by blending polypropylene and polyethylene.

5.4

Technical textile structures from polyolefin fibres

Technical fibrous structures from polyolefin fibres are classified into yarns, ropes
and cordages, woven fabrics, knitted fabrics and nonwovens.

5.4.1 Yarns, ropes and cordages
Yarns can be classified into two groups: staple fibre yarns and continuous filament
yarns. The staple-fibre yarns are formed by spinning process, where uniform essentially parallel and properly distributed short staple fibre bundles (either sliver or
roving forms) are consolidated together by drafting and twisting to make continuous
length of “singles yarn”. There are four major staple yarn spinning systems; traditional ring spinning, open-end/rotor, air-jet spinning, and friction spinning. Each
spinning system produces unique quality yarns at distinctive fibre arrangement
along the yarn axis. Singles yarns are then twisted into ply yarns. Corded yarns are
formed by twisting multiple ends of plied yarns.
Continuous filament yarns consist of mono- or multi-filaments with no twist to
moderate levels of twist. The filament yarns can be bulked, textured, or crimped to
enhance the aesthetic and mechanical characteristics. Filament yarns are plied and
corded yarns are produced to fit the size and property requirements of applications.
Fibre ropes are formed by either laying (twisting) or interlacing (braiding) to
arrange and contain the rope elements. The rope elements start from textile yarns of
twisted and/or plied number of filament yarns or staple yarns depending on the construction and final diameter of the rope. The plied textile yarns are twisted into
rope yarns. For example, 3-plies of twisted filament yarns of desired size form the
rope yarn. The final building block of a rope is the strand by twisting the desired
number of rope yarns.
There are four types of laid rope construction; three-strand laid rope, four-strand
laid rope, six-strand laid rope and cable laid rope construction.
Braided ropes are constructed with strands by braiding techniques; eight-strand
plaited (specialty braiding) construction, hollow braid rope, double braid (braid-onbraid) rope and solid braid rope [9].
New development in rope construction is parallel yarn ropes to maximize the
strength conversion efficiency of the high strength/modulus core yarn such as
HPPE by using zero-twist. This type of rope is constructed by parallel filament
yarns with either extruded jacket or braided jacket.
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5.4.2 Woven fabrics
Woven fabrics are constructed by interlacing at least two sets of staple and/or filament
yarns. Woven fabrics consist of mutually orthogonal two sets of yarns: warp ends that
run along the length of the fabric and weft picks that run from selvedge (one side) to
selvedge (the other side) of the fabric. In triaxial fabric and 3-dimensional fabric,
more than two sets of yarns are arranged to fit the desired structures.
Technical woven textiles are engineered to meet the requirements of their end
use. Their appearance, stiffness, thickness, strength, porosity, extensibility, etc., can
be adjusted by weave pattern, thread count, and yarn variables (type, twist and size)
of warp and weft.
Typical weaving loom types employed in modern woven fabric manufacturing are
classified by their weft insertion techniques: shuttle, air-jet, water-jet, rapier, and projectile looms. Shuttle looms are the oldest and low productivity machines, but are
used for weaving technical fabrics which require minimum selvedge loss of expensive yarns such as yarns made of graphite fibres and other high performance fibres.
Woven fabrics are classified by weave or structure, in which warp and weft interlace each other orthogonally. The three basic woven structures are the plain, twill,
and satin weaves. There are limitless numbers of weave structures that can be produced. These woven structures are derived from the three basic weaves. Watson [10]
describes in greater details about these basic weaves and their derivatives, which are
large variety of simple and complex woven structures. However, most twodimensional technical fabrics are constructed from simple weaves, of which 90% is
plain wave. However, other basic and derivative woven structures can be used to
meet the desired mechanical, functional and aesthetical properties of application.
In plain weave, the weft passes over alternate warp threads (1-up/1-down),
requiring minimum two harnesses only. Plain weave derivatives are produced by
the use of groups of yarns such as in basket weave, or by alternating fine and coarse
yarns to make ribbed and corded fabrics such as piqué.
The second primary weave, twill, shows a diagonal design made by causing weft
threads to interlace two to four warp threads (e.g., 2-up/1-down, jeans and drills),
moving a step to right or left on each pick. Combining different steps and step direction, twill derivatives such as herringbone and corkscrew designs can be produced.
Noted for their firm, close weave, twill fabrics include gabardine, serge, drill, and
denim.
Satin weave has longer floating warp threads on the surface which reflect light,
giving a characteristic luster. When the uncrossed threads are in the weft, the weave
is called sateen. Sateen structures have longer floating warp threads, which reduce
the number of interlacing contacts between warp and weft yarns and increases the
strength conversion efficiency of the structures used in composite reinforcement
fabrics.
Pile fabrics have an additional set of yarns drawn over wires to form loops, and
may be cut or uncut. Warp-pile fabrics include terry and plush; weft-pile, velveteen
and corduroy. In double-cloth weave (Figure 5.3) two cloths are woven at once,
each with its warp and filling threads, and combined by interlacing pile yarns as a
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Figure 5.3 Compound weave structures.

fifth set. The woven structure may provide extra warmth or strength, to permit use
of a cheaper backing layer, or to produce a different pattern or weave on each surface, e.g., steamer rugs, heavy over-coating, and machine belting etc.
Recently, this compound spacer fabric structure found applications in technical
textiles such as polyurethane foam substitutes in car seat construction, sports and
riot control gear for impact energy absorption.
The Jacquard loom attachment permits machine weaving of the most complicated
designs such as tubular shapes for artery replacement and other 3-D structures.

5.4.3 Knitted fabrics
Knitted fabrics are manufactured with either warp knitting or weft knitting techniques. These two types of knitting mode are differentiated by looping direction and
yarn supply method. In weft knitting, loops are formed in fabric width-wise (weft)
direction by supplying the knitting yarn from a single yarn package per feeder position, while warp knit fabric is formed by intermeshing loops in fabric length direction with warp thread sheets supplied from warp beams.
There are four basic weft knit structures: plain (single Jersey), 1 3 1 rib, 1 3 1
purl, and interlock. To control mechanical properties, float and tuck stitches can be
inserted in these basic weft knit stitches to form derivative weft knit structures. For
example, replacing knit loops with float (or miss) stitches results in a thinner, less
stretchable weft knit fabric in course direction, while inserting tuck stitches yields a
thicker moderate extensible one.
The single jersey and derivatives are produced on knitting machines equipped
with single circular needle bed or single flat bed. Rib and interlock structures are
knitted on knitting frames of either cylinder-dial or V-bed type of needle bed format. In general, a modern large-diameter (up to 36 in) circular knitting machine
equipped with multi-feeder (up to 144 feeders) can produce about 4500 courses per
minute, which is 300 cm long fabric per minute for 15 courses per cm (CPC) construction. Thus, circular weft knitting is a choice for highly productive yarn to fabric conversion method for technical textiles. However, the structures should be
designed to meet the application requirements to control the stability and stretchability of weft knit structures. Table 5.1 shows the characteristics of four basic weft
knit structures.
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Properties of weft knit fabrics

Property

Single jersey

1 3 1 Rib

1 3 1 purl

Interlock

Appearance

Each side
different
Tech. face and
back

Both side same

Both side
same

Both side same

Moderate

V. High

Moderate

V. high
(50100%)
No
Last knitted end

High

Moderate

No
Either end

No
Last knitted end

Stretchability
Width-wise
Moderate
(1020%)
Length-wise High (3050%)
Edge curling
Unravelling

Yes
Either end

Fabric quality parameters such as courses per cm, wales per cm, stitch density,
tightness and fabric weight of weft knit structures are controlled by mainly loop
length and knitting tension. To positively control weft knit fabric quality, positive
feeders and storage feeders are used to run-in knitting yarn at proper level of feeding yarn tension.
Warp knitting is a method of making knitted fabrics made of one or several
thread sets on warp beams (warp sheets) by forming stitches with each warp end,
which are substantially along the length of the fabric direction. There are two major
classes of warp knitting machines: tricots and raschels. Traditionally tricot machines
mainly used bearded needles with presser bar and raschels employed latch needles
together with a latch wire. Recent development involves the wide spread use of
compound needles, but there are still distinctive differences between the two types.
Tricot machines are equipped with single needle bar (bearded or compound needles),
up to 6 guide bars and warp beams, a sinker bar and a presser bar for closing hooks of
bearded needles, if not compound needles on the needle bar. These knitting elements
are arranged within several micrometre precision of gaps among them, and the timing
of their movements is precisely tuned to accomplish a course of knitting cycle. Since a
small fabric take-down angle and gentle knitting action enable the two-bar tricot knitter,
there is a choice for high speed production of simple fine gauge (2844 needles per
inch), simple or patterned warp kitted technical fabrics and meshes.
A single guide-bar or two guide-bar tricot fabric structures are mostly used for
medical textiles such as hernia meshes and other surgical needs. There were many
metallic or metalized warp knit structures used in space exploration. A warp knitted
antenna has been used for communication between the Lunar module and Earth
during Apollo 12 mission. The two guide-bar mesh fabric (less than one ounce per
square yard) was warp knitted from gold plated metallic yarn [11,12].
Raschel warp knitters have more guide bars (up to 48) and equipped with latch
needles. Machine gage is rather coarser (132 needles per inch) than that of tricot
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knitter (1044 needles per inch). The fabric take-down from the needles is almost
parallel to the needle stems, at an angle 120 160 , by a series of take-down rollers. This fabric take up scheme is suitable for open fabric structures such as laces
and nets, which require high take-up tension [13]. Raschel knitted 8-guidebar nets
replaced the traditional knotted nets in many industrial applications including fishing nets.

5.4.4 Nonwovens
Nonwovens manufactured through four steps: (1) fibre spinning/opening; (2) web
forming; (3) bonding; (4) finishing. Polyolefin nonwovens can be produced by dry
lay-up from the staple fibres described in the Section 5.3.4. The fibre bales are
opened and carded or airlaid to form webs in parallel/cross-laid, or random-laid.
The dry laid webs are consolidated with mechanical, thermal or chemical bonding
techniques, but thermal bonding is the preferred one.
Alternatively, spunbonded, meltblown or film-fibre nonwovens are produced by
a single stage process, in which extrusion of fibre or film process and web formation process are integrated sequentially.
In the spun-bond (SB) process, bundles of individual filaments or a flat filament
curtain are melt-extruded, cooled and stretched, either mechanically or by a current
of air. The filaments are then laid down in a random fashion on a conveyor belt and
the resulting web is passed through a hot calender, where it is thermally bonded.
The preferred method of consolidating the spun-laid web is thermal bonding,
because of the low melting points of polyolefin fibres. Adhesive bonding method is
not employed for poor adhesion strength due to the low surface energy of polyolefin
fibres.
The melt-blown (MB) process is used not only for PP but also for many forms
of thermoplastics. In the process, polyolefin is extruded through a large number of
small holes located closely on a spinneret. A stream of molten polymer exiting
from the spinneret holes is fed into a current of hot air moving at high speed. The
molten stream of polymer is then broken up into an integrated network of very fine
(microfibre range 0.010.2 dtex) entangled fibres of varying lengths, which are
immediately deposited onto a rotating perforated cylinder surface to form a web. In
general, the melt-blown nonwoven fabrics are lighter than spunbonded fabrics and
have lower strength. Their texture, however, renders them excellent for use in filtration and absorption applications such as for industrial wipes, surgeons’ masks and
gowns, and oil clean-up products [14].
Production lines combining both SB and MB processes are now being increasingly used for the formation of nonwoven composite multilayer fabrics. These fabrics combine together the desirable properties of spun-bonded and melt-blown
materials. The possible composite layer structures from these two processes are:
SM, SMS, and SMMS. The external spun-bonded layers of either SMS or SMMS
provide good mechanical properties, while the internal melt-blown web provides
good filtration and absorption properties. The layers are bonded either thermally or
mechanically, depending on the weight and desired application of the SMS product.
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Thinner webs are bonded by means of heated calender rollers, whereas thicker
webs are mechanically needled.
Polyolefin film-nonwovens (FN) are produced by converting extruded film into
fibre net-like fabrics. There are three types of fibrillation (splitting) technologies to
convert film into FN: splitting by needle rollers; embossing the film and splitting
by drawing; and leaching out the additive particles [14].
Other types of PP nonwovens are produced from the staple fibres, apart from
extruded SB, MB, and FN nowovens. For example, needle punched PP nonwovens
are produced in large volume by mechanical interlocking of the loose fibres in a
web through the use of arrays of barbed needles repeatedly punching into and out
of the web. Hydroentanglement (spun-lacing) technique is also applied, in which
the polyolefin fibre web is entangled by subjecting them to multiple rows of fine,
high-pressure water jets [8].

5.4.5 Braided and knotted structures
Wide variety of braided structures is used in technical textiles. For example, surgery
related materials such as artificial arteries, sutures, stents, catheter and prostheses in
medical textiles are fabricated by braiding techniques. Other technical applications
are made up of braiding techniques, especially recently developed 3-D braiding performs for advanced composites from high performance fibres such as gel spun
UHMWPE fibres, polyaramid and carbon/graphite fibres.
The braiders can be classified by the shape factor of producible braided structures [15]:
G

G

G

G

G

Flat braider—flat braid products
Lace braider—bobbin laces
Circular braider—laces, ropes, cables
Package braider—sealing
3-D braider—composite performs, medical

The four-step 10-tier circular 3-D braider at the University of Massachusetts
Dartmouth can produce circular or rectangular cross-section 3-D braided structures
of 720 fixed (standing) ends with 720 criss-crossing ends. The computer control of
the machine is programmed to produce various 3-D braided performs for composite
reinforcement or surgical applications.

5.5

Industrial applications of polyolefin fibres

Industrial applications of polyolefin (PO) fibres are generally growing recently,
however, use of high performance polyolefin fibres will be determined by functional properties and their prices. Price performance ratios of PP fibres, such as
tenacity/price and modulus/price, are very favourable compare with polyester and
polyamides. Recently PO materials enter into the technical textile markets due to
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enhanced fibre extrusion technology and advanced nonwovens production processes
such as melt-blown and spun bonding and hydro-entanglement technology.
Various medical and industrial applications described in Section 5.2 can be
designed with polyolefin fibres and films (see Section 5.3) by adopting one or more
fabric production techniques presented in Section 5.4. In this section, current technical textile applications of polyolefin fibres and films in medical, filtration, automotive and ropes and cordages are discussed.

5.5.1 Use of polyolefin fibres in medical textiles
Polyolefins, PP in particular, exhibit excellent chemical resistance and chemical
inertness. These properties are prerequisites for medical and surgical applications.
Fibrous structures for medical applications also require a combination of strength,
flexibility, and controlled moisture and air permeability. Materials for these applications can be classified in four specialized areas [16]:
G

G

G

G

Nonimplantable materialswound dressing, bandages, plasters, etc.
Extracorporated device—artificial kidney, liver, and lung
Implantable materials—sutures, surgery meshes, vascular grafts, artificial joints, artificial
ligaments
Healthcare/hygiene products—bedding, diaper, surgical gowns, wipes, etc.

For nonimplantable material application, knitted, woven or nonwoven polyethylene fabrics are used in wound contact area and wound care products. In some orthopaedic bandages, woven or nonwoven fabrics made of polypropylene fibres are
used. Knitted, woven, or nonwoven polypropylene fabrics can serve as reinforcements for plasters.
For implantable applications, non-bioabsorbable sutures are typically made of
PP fibres by braiding. Surgery meshes, for example, hernia meshes are single or
two-guide bar tricot knitted with PP monofilament shown in Figure 5.4.
Healthcare/hygiene products are mainly based on PP nonwovens. The largest
single fibre application for PP is nonwoven fabrics. There are three different types
of nonwoven structures of PP for this application: spunbonded (SB), meltblown
(MB), and thermal-bonded carded webs. These are subset of nonwoven fabric fabrication techniques listed in the Section 5.4.4. The latter is mainly used for diaper

Figure 5.4 Warp knitted surgery mesh with PP monofilaments.
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linings in a similar fashion to SB nonwovens. Disposable diaper and incontinence
control applications are the largest single PP nonwoven fabrics market [17].
Hospital gowns, uniforms, surgical gowns are mainly disposable ones due to the
high cost of laundering and sterilization. Thus, PP nonwovens are ideal for this
application. Many hospital garments are made of SMS PP nonwoven composites, in
which the added barrier membranes are incorporated in middle layer to prevent the
passage of blood borne pathogens or disease causing microbes [18]. In addition, PP
nonwovens are major component of wipes and beddings used in healthcare
facilities.
Hollow PP fibres are used in mechanical lung to remove carbon dioxide from
patient’s blood and supply fresh blood [16].

5.5.2 Use of polyolefin fibres in filtration
Wide variety of industrial processes requires the separation of solids from liquids
(suspension) or gas (solid/liquid aerosol) for purifying products, saving energy, raising process efficiency, recovering precious materials, and improving pollution control system. For example, air filters are used for separating suspended solid
particles (soot) or liquid droplets (aerosol) in air.
Filter media fabric design must be based on the performance properties such as
the length of service life, physical and chemical condition of the operation. The
design criteria cannot be overemphasized due to the fact that the filter fabric failure
during the service could result in lost production cost, loss of product, heavy maintenance cost and added environmental pollution. The fibrous filter media are fabricated in the forms of woven, knitted, nonwovens or their combinations to meet the
performance criteria. Filtration mechanisms by filter media are: interception, inertial
deposition, Brownian motion, electrostatic, and gravitational.
One of the earliest applications for polyethylene yarns was in the production of
industrial filtration fabrics. The range of properties offered by polyethylene is particularly suitable for this application, and the PE fibre is being used increasingly for
this purpose. The polyethylene yarns are used for industrial filtration fabrics due to
the following features [1]:
G

G

G

G

G

G

G

The high wet strength of PE fibres and PE fabrics are not weakened during the filtration
of water solutions.
The excellent resistance of polyethylene to a wide range of chemicals and solvents used
for filtration of industrial liquids.
The high abrasion resistance of polyethylene enables the fabrics to withstand considerable
abrasion during filtration.
Polyethylene is particularly good in cake release. Solid particles are built up into cakes
between the layers of filters during the filtration of industrial liquids. These cakes are
removed perhaps many times a day by opening the filter presses, and it is important that
the solid material should come away cleanly and easily from the filter fabric.
The complete resistance of polyethylene to attack by micro-organisms is of great value in
many filtration applications, such as the filtration of sewage.
Dimensional stability.
Low cost.
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Recently, the filterable particle sizes are lowered to sub micrometre in diameter
by permanently or semi permanently charging PP fibres used in filter media
together with reducing the fibre diameter. This trend was expected from the fact
that strong electrostatic forces of fibres attract particles, and the inter-fibre spacing
is much smaller for extremely fine fibres. Lin et al. [19] studied residual charges on
MB PP nonwoven fabrics, which were corona-treated to impart electret nature of
the fabric surface. A commercially available PP nonwoven electret fabric is the
Toraymicron, of which weight ranges from 15100 g/m2 (or for laminated types
60180 g/m2). They are mainly used for various kinds of high performance filters,
face masks, hair caps, and wipers.
PP nonwoven fabrics (MB) and woven structures are widely used in liquid filtration due to the excellent chemical resistance and inertness of polyolefin polymers.
For liquid filtration, woven PP fabrics made of filament yarns are preferred to those
fabrics of staple fibre yarns. This is because the protruded hairs on staple yarn fabric surface are more efficient for air filtration. Household water filter cartridges are
constructed with PP melt blown and offer a wide range of particle filtration.
Figure 5.5 shows the relative sizes of common materials that are separated from
water.
In general, nonwoven filter media have advantage over woven counterparts.
Filters made of nonwovens show higher permeability, better filtration efficiency,
less tendency of clogging, stable pore sizes (no yarn slippage), highly disposable
and higher porosity (lower pressure drop across the filter media).
Polyolefin film-nonwovens (FN) treated with proper ion exchange functionality
find new application area in battery separator membranes. There are numerous
patents and commercial PP FN based separators for NiH2 battery, Liion
batteries.

5.5.3 Use of polyolefin fibres in transportation
The largest single application of PP is the worldwide automotive market. Replacing
parts made of metal, rubber and glass with a lighter material such as PP can realize
immediate weight savings needed for fuel economy. However, PP applications in
the automotive, marine and air transportation systems are mainly in resin forms for
injection molded parts: instrument panels, door panels, arm rests, headliners, sun
visors, and mirror housings [18].
Textile components in a standard car account for 2%4% of total vehicle mass.
Some of these textile components are readily visible: for example, carpets, interior
trim, and boot liners. However, many textile components, such as tire cords and airbags, are hidden from view. Components such as seat belts and airbags play a vital
role in protecting drivers and passengers in the event of a vehicle accident.
The application of PP textiles in the automotive sector is steadily increasing,
owing to the low density and ready recycling of PP. In addition, as already noted
PP textiles generally possess better color stability than other manufactured fibres
and have good resistance to chemicals and staining. PP textiles are to be found in
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Figure 5.5 Particle range of household water filters [20].

many parts of a vehicle. Needle punched PP nonwoven fabrics are used in parcel
shelves, boot liners and bonnet liners, door panels and the top decorative layers of
floor coverings. Woven and knitted PP fabrics are used in door linings.
The entry barrier for PP as a car seat material is very high due to PP’s disadvantages such as low melting point, low yarn elastic recovery and limitation in dyeability,
even if it has advantages of significantly lower density (0.90 g/cm3 vs. 1.38 g/cm3 for
polyester), lower cost, and superior recyclability. Thus, thermal and UV stabilized PP
fibres are used in nonwoven fabric forms for headliners, floor coverings, trunk linings
[18]. Thus, the use of PP fibres in car seats is limited, since the abrasion resistance is
considered too low compared with polyester. However, PP fabrics are occasionally
used in the side linings of seats.
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It is expected that the increasing legislation requiring greater emphasis on the
recovery and recycling of waste material will promote the growing application of
PP fibres in automotive textiles [8].
A nonwoven PP filter fabric is used for automotive cabin filter that removes submicron size particles such as diesel exhaust smog, pollen, and other contaminants
from intake of exterior air. The filter consists of two layers (typically 0.8 mm
thick): a prefilter layer and a microfibrous layer (fibre diameter ranging from 0.5 to
2.0 microns). The prefilter layer provides mechanical strength to the microfibrous
layer, which is composed of corona treated PP meltblown electret layer (see
Section 5.5.2). The prefilter consists of adhesive bonded coarse polyester fibre web
treated with antibacterial, water repellent, and flame retardant agents. Ultrasonic
bonding joins the two layers together. The filter medium is pleated to increase the
filtration area size [21].

5.5.4 Use of polyolefin fibres in ropes, nets and cordage
High density polyethylene monofilament yarns are widely used for the manufacture
of twines and netting for the fishing industry. The main strengths of polyethylene
twines and nets are such as [1]:
G

G

G

G

G

G

G

Rot-resistance: The inherent resistance of polyethylene to micro-organisms and to chemical attack makes rot-proofing treatments unnecessary. The strength and other mechanical
properties of polyethylene nets and twines are unaffected by immersion in the sea or by
burial in the ground for long periods. Nets and twines made from natural fibres will rot
under comparable conditions. For example, a trawl made from high-density polyethylene
yarn was lost in the sea for almost a year. The recovered twines showed no deterioration,
and the trawl was put into immediate service again.
Hard wear: The high initial strength, coupled with excellent wet abrasion resistance, is
maintained throughout the long life of a net. Experience has shown that nets made from
high-density polyethylene require a minimum of mending.
Ease of handling: Polyethylene nets are lighter than those made from natural fibres. This
makes the net easier to handle, and saves time in shooting and hauling in. There is less
drag, resulting in lower fuel costs. Polyethylene does not absorb water, and a soaked net
will commonly weigh only about one-third as much as a wet manila net.
Cleanliness: Polyethylene filaments are smooth-surfaced, and do not cling to sand particles, marine growth, and other unwanted materials. This simplifies the work of the crew.
Resistance to extreme cold: Polyethylene retains its flexibility at very low temperatures,
and does not become rigid under freezing conditions. The wet knot strength of twines
increases as the temperature decreases. These factors are very important when fishing
takes place in Arctic waters, where the air temperature may fall to 10  C or lower.
Buoyancy: The specific gravity of polyethylene is less than that of water (0.90 g/cm3),
and nets float naturally. This reduces the chance of a net fouling the propellers, and cuts
down the number of floats that are required on nets. The mouths of the trawls remain
wide open.
Dimensional stability: Polyethylene nets do not shrink on immersion in water. They retain
their shape and mesh size, minimizing the danger of an infringement of regulations.
Single knots only are necessary in the manufacture of nets and trawls, so long as the knots
are first pulled tight. There is no need for heat-treatment to stabilize the knots.
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Ropes made from high-density polyethylene monofilament yarns are used for a
wide range of applications, from painters on dinghies to mooring ropes for tankers.
The most important features of polyethylene ropes are as follows [1]:
G

G

G

G

G

G

G

Lightness: Polyethylene ropes are only two-thirds the weight of manila or sisal ropes of
equal circumference. A polyethylene rope is only about half the weight of a manila Grade
1 special quality rope of equal strength, and 41 percent the weight of a comparable sisal
rope. When the ropes are wet, the difference in weight is even more remarkable, since
polyethylene does not absorb water.
Strength: Polyethylene ropes are about 33 percent stronger than manila ropes (Grade 1
special quality) and 50 percent stronger than sisal ropes of equal circumference.
Polyethylene ropes of the same strength as manila or sisal ropes are thus of 13 and 19 percent less circumference, respectively.
Rot-resistance: Sea-water, acids, alkalis and other materials commonly encountered in use
have no deleterious effects on polyethylene ropes. They need never be dried out, and are
ready for use at a moment’s notice.
Resiliency: Polyethylene ropes are very resilient and easy to use. They do not harden
when wet, nor do they freeze or harden even in the most severe weather conditions.
Abrasion resistance: Abrasion resistance of polyethylene ropes is good, and they are very
durable. The surface of the rope may become fluffy after prolonged wear and tear, but
there is no appreciable loss of tensile strength by the rope itself.
Buoyancy: Like nets and twines, polyethylene ropes will float on water, reducing the risk
of fouling propellers.
Coloration: Ropes are commonly made from mass-colored fibre. The light and wash fastness of the colors are very high.

Experience with mooring and gig ropes on tugs has proved that polyethylene is
suitable for this type of heavy work. Three-strand mooring ropes of 16.5 cm (6.5 in)
diameter are still in excellent condition after two years of continuous use. Heavy
ropes of 20 and 23 cm (8 and 9 in) circumference are made in a variety of constructions, including 4 3 2 plaited (see Section 2.3.1). Finer ropes of 6.39 cm (2.53.5
in) circumference are now accepted in the fishing industry as quarter ropes, while
cod-lines, life-lines, mooring ropes, etc., are also used in increasing quantities [1].
Polypropylene cordage is widely used in marine applications such as mooring
and tow lines, where its low density and low moisture absorption keeps the rope
floating on the water surface. The lightness and low moisture absorption of the PP
cordage insure that it is in continuous view of the crew and prevent the likely loss
of the rope. In addition the spun-dyed bright, light stable colors make the line more
visible, thus, providing added safety and convenience. PP cordages are also used in
many water sports and in household uses.
The most important properties of yarns to be used in fishing gear (fishnets, trawls,
and lines) are: high wet and dry strength, great toughness, low weight, low moisture
absorption, dimensional stability, resistance to degradation by weathering, light, seawater, chemicals, solvents, micro-organisms, and other potentially degradative agents
encountered in normal use. This combination of requirements is essentially similar to
the requirements for ropes. In the past, natural fibres (cotton and manila) have been
used for making fishing gear. Their shortcomings were remedied by synthetic fibres,
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nylon in particular. Nylon took over a large part of the production of fishing gear
since the end of World War II. More recently, polyester, polyethylene, and polyvinyl
alcohol fibres have all secured a place in the world market for fishing gear.
PP was introduced into this field in 1961, and it has made rapid progress in direct
competition with its established synthetic fibre rivals. The reasons for the ready acceptance of polypropylene in the production of fishing gear are to be found in its unique
combination of properties, and in its low cost [1]. Many polypropylene fibre producers
are now marketing high-tenacity polypropylene multifilament yarns for use in the production of fishing gear. These yarns commonly provide a tenacity in the region of
71 cN/tex (8 g/den), and extension in the region of 20 percent. Monofilament yarns
may also be used with advantage for certain applications. Fishnets made from monofilament have properties similar to those of the equivalent multifilament nets, with, however, a higher resistance to abrasion and usually a stiffer handle.
PP netting has a wide range of applications. These applications include safety
fences such as those used around building sites and in downhill runs to protect skiers.
PP netting is also used in horticulture to control the intensity of light incident on
plants and to protect them from insects. It is utilized too as a base in road construction and as a grid to limit the movement of fill materials in construction work.
High performance ropes made from PPPE copolymer fibres with an average
tenacity 7.015.0 g/d are reported. A ‘balanced strand’ for uniform load sharing of
component yarns in a strand has a high elongation fibrous core with two layers of
load bearing fibres wound evenly around the core. The load bearing UHMWPE
fibres can be either Spectra or Dyneema [22].

5.6

Conclusion and future trends

Polyolefins are inherently hydrophobic and their wet to dry performance rating is
the most favorable among synthetic fibres. Polyolefin fibres have the ability to
wick moisture by transferring it towards the outside allowing it to evaporate more
easily. This unique wicking property is advantageously exploited in sportswear, in
baby diapers and adult incontinence products. The chemical properties of polyolefins make them resistant to soiling and to acids and alkalis. The processing technologies are easily accessible and extremely versatile allowing the raw material to be
processed with very low energy consumption due to relatively low melting points
together with chemical inertness and low toxicity of polyolefins.
The successful applications of polyolefins in textile and fibre stem from a particularly synergistic combination of properties that meet many end-user requirements.
The properties of the most important polyolefin fibres are summarized in Table 5.2.
It must be noted that polyolefin fibres have low meting point and low density compared with other rival synthetic fibres. Other interesting characteristics are:
G

G

Polyolefin fibres cannot be dyed with the traditional processes used for other fibres.
Untreated polyolefins have poor UV and light stability. They need light stabilizer additives before melt spinning.
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Table 5.2

Properties of polyolefin fibres [14].

Property

Polyethylene

Polypropylene

Tenacity, dry (cN/tex)
Wet tenacity /dry tenacity (%)
Breaking elongation (%)
Shrinkage @95 C, RH 20% (%)
Melting point ( C)
Density (g/cm3)

5072
95100
2035
510
100120
0.920.96

4094
100
1522
05
164170
0.900.91

Polyolefin fibres have minimal moisture regain, which enhances their use in outdoor or in
marine or water sports applications.
Polyolefin fibres are relatively inexpensive compared with other synthetic fibres.

New applications can be found to exploit these properties advantageously. It is
also advisable to consider the fact that qualified polyolefin suppliers have the new
capability of tailoring the properties to fit the applications. This development and
emerging nanocomposite materials technology will enhance the competitive advantages of polyolefins. Strong market positions for polyolefins have been reached in
fibres, automotive, packaging, and consumer products.
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6.1

Introduction

Polyolefins are widely used in various hygiene and medical applications such as infant
diapers, training pants, sanitary napkins, adult incontinence diapers, medical gowns,
etc. In particular, polyolefin-based spunbond fabrics, melt blown fabrics and elastic
laminates have been employed in these applications for mechanical strength, comfort
and fit, containment, and barrier properties. A long term industry trend is to provide
products that exhibit improved comfort and fit by means of increased softness, more
cloth-like feel, and increased drapeability while maintaining the original functionality
and processibility. Such a trend ensures that polyolefin-based products will continue to
grow in existing applications and to be improved for the ever demanding hygiene and
medical market.
Polypropylene comprises a significant portion of the materials used for spunbond
and melt blown fabrics in hygiene and medical products [121]. Vis-broken
ZieglerNatta (ZN) catalyzed homopolymer polypropylene (hPP) resins are widely
used to make spunbond fabric due to their excellent spinnability, broad thermal bonding
window, high abrasion resistance, and high tensile strength; however, homopolymer
polypropylene based nonwovens exhibit low drapeability (stiff fabric) and low elongation to break contrary to market trends. To meet these needs, The Dow Chemical
Company commercialized ASPUN(Trademark of The Dow Chemical Company) fibre
grade polyethylene resins (FGRs) for hygiene and nonwovens applications in 1986 to
provide fabrics with improved softness and drapeability compared to hPP based spunbond. The applications include monocomponent spunbond fabric, bi-component spunbond fabric, meltblown fabrics, and binder fibres, for example. Also, in the medical and
sanitary markets, the use of appropriate fibres is an important condition for obtaining
the required properties because products free of binders and chemicals are preferred in
this particular branch of industry. Despite the differentiated softness, the first generation
ASPUN fibre grade resins (FGR) have not been able to achieve the same level of
acceptance as homopolymer polypropylene (hPP) in spunbond nonwoven applications
due to their inferior spinnability [22], narrower thermal bonding window [23], lower
tensile strength, and specifically due to the lower abrasion resistance of the final nonwoven. This was clearly stated by Quantrille et al. [24]: “The bonding of LLDPE
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filaments into a spunbond web with acceptable abrasion resistance has proven to be
very difficult, since acceptable fibre tie down is observed at a temperature just below
the point that the filaments begin to melt and stick to the calendar. Because of this very
narrow bonding window and the resulting abrasion resistance and fuzz properties, spunbonded LLDPE nonwovens have not found wide commercial acceptance”. Hence, there
is a need for soft spunbond based on polyethylene resins having improved abrasion
resistance [25,26].
As the market need for soft and drapeable spunbond fabrics with adequate abrasion resistance has continued to grow, Dow has pursued two pathways for improved
resins to make soft spunbond fabrics. The first route chosen was to improve the performance of ASPUN polyethylene FGR with a special focus on bonding window
and abrasion resistance; the second pathway has been to make hPP spunbond fabric
more soft and drapeable via polymer modification. In order to achieve the first
objective, the focus was to study polyethylene resin design parameters to improve
bonding and abrasion performance while maintaining the desired softness and
drapeability. Fundamental parameters governing thermal bonding and bonding window of polyolefins fibres were hypothesized and investigated. An initial approach
was to investigate blends for improved bonding and abrasion performance. Later,
the more advanced approach of resin molecular design was followed.
In the course of the hPP pathway, blends of hPP with recently commercialized
propylene based plastomers and elastomers (e.g., VERSIFY (Trademark of The Dow
Chemical Company) from The Dow Chemical Company) were studied to improve
drapeability and softness of hPP based spunbond fabrics while maintaining the
desired spinnability, abrasion resistance, and tensile strength. Both of these pathways
are described in detail in subsequent sections in this chapter.
Bicomponent spunbond fabrics are extensively used in order to combine the
properties of the hPP and polyethylene resins in the final application. Bicomponent
spunbond technology had only experienced notable growth beginning in 2007 with
significant investments in bicomponent lines. Typically, polyethylene has been used
in the sheath layer and a higher melting point polymer such as hPP has been used
in the core layer. In the case of bi-component spunbond fibres and fabrics, ASPUN
FGRs in the sheath layer imparts the desired softness and hand feel as well as
improved elongation while the hPP in the core help to maintain the physical properties such as tensile strength and abrasion resistance.
Polyolefins are also extensively used to make sheath/core bi-component staple
binder fibres. Typically, polyethylene is used as a sheath layer and high melting
point polymers like polypropylene or polyester is used in the core of a bicomponent fibre. ASPUN FGRs in the sheath layer give a lower melting outer layer
for flow and bonding to other heterogeneous fibres such as cellulose and glass
[27,28]. AMPLIFY (Trademark of The Dow Chemical Company) GR resins, a
maleic anhydride grafted polyethylene (MAH-g-PE), has typically been added in
the sheath layer to provide improved chemical adhesion to polar fibres such as cellulose and glass fibres [2931]. This chapter will also describe in detail various
molecular features of polyethylene used in both bi-component spunbond and binder
fibre applications, the properties of such fibres and resultant fabrics, the effect of
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fabrication conditions, and their respective relationships. Failure mechanisms of the
final bonded composite for the binder fibre applications will also be presented.

6.2

Monocomponent polyethylene-based soft spunbond
fabrics

This section describes an advance in polyethylene resin design which enabled
improved bonding and abrasion performance of polyethylene-based spunbond fabrics while maintaining fabric softness and drapeability.

6.2.1 Materials and experimental
Polyethylene resins used in this study are listed in Table 6.1. The ASPUN FGR was
catalyzed using a ZieglerNatta (ZN) catalyst, while the AFFINITY (Trademark
of The Dow Chemical Company) Polyolefin Plastomer (POP) was manufactured
using a constrained geometry catalyst (a type of metallocene catalyst). Both were
prepared using 1-octene as a comonomer. Melt index (I2) was measured at 190 C
using 2.16 kg load using ASTM-1238 method. Density was measured using ASTM
D792 method. Spunbond fabrics were made from the neat ASPUN resin and 80/20,
70/30 and 55/45 dry blends of ASPUN/POP resins. Spunbond fabrics were made of
two basis weights, 20 gsm and 27 gsm (g/m2), representing the two most common
fabric weights used at this time for the applications targeted. A viscosity broken
ZieglerNatta catalyzed homopolymer polypropylene (Dow H502-25RG, 25 MFR)
was also used in the study for comparing performance versus polyethylene resins.

6.2.2 Spunbond line configuration
The spunbond experiments were carried out on a Reicofil III pilot line with a beam
width of 1.2 m. The trial was run at an output of 107 kg/hour/m (0.4 gram/hole/min)
for all polyethylene resins and 118 kg/hour/m (0.45 g/hole/min) with the polypropylene resin. Resins were spun to make about 2.5 denier fibres, corresponding to the
fibre velocity of about 1500 m/min at 0.4 g/min/hole output rate. A monospin pack
with 5297 holes (4414 holes/M), each having a diameter of 0.6 mm (600 micron)
Table 6.1

Polyethylene resins used in the study

Polyethylene
Resin

Melt Index,
I2 (g/10 min)

Density
(g/cc)

Melting peak
temperature,
Tm ( C)

ASPUN FGR
Polyolefin
Plastomer (POP)

30
30

0.955
0.913

129.6
108.2
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and a length/diameter (L/D) ratio of 4, was used in this trial. The dry blends of
ASPUN and ASPUN/POP were spun at a melt temperature of 210230 C, and the
hPP fibres were spun at a melt temperature of about 230  C. The thermal bonding
embossed calendar roll had 16.2% bonding surface area with 49.9 bond points per
cm2 and an oval shaped pattern type.
For the polypropylene resin, the embossed calendar roll and smooth roll were set
to the same oil temperature while for polyethylene resins the oil temperature of the
smooth roll was set at 2  C lower than that of the embossed roll to reduce tendency
for roll wrap. The nip pressure was maintained at 70 N/mm for all the resins. For
this particular line, the roll surface temperature was estimated to be about 7 C
lower than the oil temperature.
Tensile properties of spunbond fabrics were measured using 5 cm wide strips
using a gauge length of 10 cm and an extension rate of 20 cm/min (200%/min). The
flexural rigidity was measured using the EDANA method 50.6-02 by determining
the bending length of a non-woven fabric. Abrasion or fuzz resistance of the spunbond fabrics was measured using the Sutherland rub tester. The test used a 320 grit
sandpaper to abrade a nonwoven fabric unidirectionally (in MD) for a given number
of cycles (20 cycles) under controlled weight (2 lb weight). The abraded fuzz was
removed using a 3M Scotch tape. The sample was weighed before and after fuzz
removal to determine the weight loss, this weight loss divided by the surface area
was used to represent the abrasion or fuzz level of the specimen.

6.2.3 Bonding and abrasion of spunbond fabric
Bonding of a spunbond fabric was defined as the ability to thermally bond fabric at
high line speeds (200 m/min or higher) with a broad bonding window (at least 6 3
to 5 C). Typically the spunbond fabric produced from ASPUN FGR exhibits narrower bonding window (less than 6 2 C) and inferior abrasion resistance compared
to polypropylene fabrics. Generally, it is desired to produce polyethylene fabrics with
a certain level of abrasion resistance over a broad bonding temperature range.

6.2.3.1 Bonding hypothesis
Factors affecting thermal bonding of polyolefin nonwovens, from polymer physics
perspective, are summarized in Figure 6.1. These factors include resin type (polyethylene versus polypropylene) affecting inherent crystallization kinetics, resin
molecular parameters (molecular weight, molecular weight distribution, long chain
branching) affecting melt diffusion rates across the interface, melting range, bond
roll parameters, and bonding conditions. Fibre spinning and drawing parameters
affecting thermal bonding are not shown in Figure 6.1. From a polymer physics perspective, it is hypothesized that crystallization kinetics, which depend on resin type,
and melting range play a very important role in bonding and the bonding window.
It was hypothesized that the thermal bonding and bonding window of nonwovens
made from polyolefins are better for resins exhibiting (a) slower crystallization
kinetics, and (b) a broader melting endotherm.
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Diffusion
Diffusion across
acrossinterface
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• Slower crystallization rate and broader melting distribution are hypothesized to
lead to better bond strength and broader thermal bonding window

Figure 6.1 Factors affecting thermal bonding of polyolefin nonwovens.

A resin exhibiting slower crystallization rates can be quenched into fibres exhibiting a more amorphous state characterized by lower crystallinity and thinner or
less organized crystallites in a spunbond process. These less-organized and thin
crystallites melt at lower temperatures allowing molecular diffusion across fibre
interfaces during thermal bonding and at the same time annealing and recrystallizing into a higher crystallinity level which prevents sticking to the bond roll. Chand
et al. [3234] and Andreassen et al. [35] studied bonding behavior of hPP fibres
having a wide range of crystallinities and orientation levels. Chand et al. [3234]
showed that the crystallinity of polypropylene fibres play a very important role in
bonding and tensile strength of the resultant carded nonwoven fabrics. Low crystallinity as-spun hPP staple fibres were shown to yield bonded carded webs having
high tensile strengths while higher crystallinity drawn hPP staple fibres were shown
to yield bonded carded webs having lower tensile strengths due to poor bonding.
Their results were consistent with the above mentioned hypothesis. Andreassen
et al. [35] observed that the tensile properties of the carded non-woven fabrics
seemed to be governed by the bonding properties of the constituent fibres and not
by the fibre tensile properties.
Spunbond fabrics made from ZN polypropylene have been known to exhibit
good fibre bonding as evidenced by higher abrasion resistance and a broader bonding window compared to polyethylene. This was hypothesized to originate from the
slower crystallization rates of polypropylene compared to polyethylene resins. ZN
polypropylenes also generally have broad tacticity distribution (and stereo block
content) which results in broader melting ranges compared to metallocene polypropylenes [36]. This results in a broader bonding window and higher bond strength
for spunbond fabric made from ZN polypropylene.
The absolute and relative rates of crystallization are of basic importance in
polymer conversion operations such as the spunbond process. Khanna [37] has
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proposed a parameter called the crystallization rate coefficient (CRC) to compare
crystallization kinetics of various semi-crystalline polymers. CRC is defined as a
change in cooling rate in degrees Celsius per hour ( C/h) required to lower crystallization temperature by 1 C.
To investigate the relative rates of crystallization of polyethylene and polypropylene resins using CRC, calorimetry was used in this study. Conventional differential scanning calorimetry (DSC) instruments cannot cool polymer samples at
constant cooling rates greater than about 40 C/min. To obtain crystallization onset
temperature data at high cooling rates, a Perkin-Elmer Diamond DSC was used.
Figure 6.2 compares the crystallization onset temperatures of the hPP and ASPUN
resins at high cooling rates using a semi-log plot. In both cases, there is a linearlog
relationship between the temperature at the onset of crystallization and the rate of
cooling. At lower cooling rates (B10 C/min), crystallization onset temperatures of
the polyethylene and the polypropylene resins are similar. However, the hPP H50225R resin exhibited significantly lower crystallization onset temperature at high cooling rates compared to the ASPUN resin, due to its slower crystallization rates.
Assuming that the relationship was maintained at on-spinline cooling rates, thought
to be at least an order of magnitude higher than what was achievable in the PerkinElmer Diamond DSC, this would suggest that the lower crystallization temperature of
homopolymer polypropylene at high cooling rates would lead to the formation of
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Figure 6.2 Crystallization onset temperature of the ASPUN FGR and hPP resins as a
function of cooling rate up to 400  C/min.
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thinner and lower melting “metastable” crystallites. The thickness of crystallites
formed during crystallization depends on the degree of under cooling (ΔT) as shown
by the equation in Figure 6.2.
The CRC for each resin was calculated using the slope of the linear fit from
10  C/min to 50  C/min. The CRC for the ASPUN resin was found to be about
308  C/h versus about 120  C/hr for the hPP resin suggesting the ASPUN resin
crystallized about 2.3 times faster than the hPP resin.
These results supported the bonding hypothesis with respect to the importance of
crystallization rates of polyolefins in determining bonding and bonding widow.
Higher density polyethylene resins such as ASPUN FGR have inherently faster
crystallization rates compared to polypropylene fibre grade resins. There are no
known ways to decrease crystallization rates of the neat ASPUN resins other than
to reduce stress during spinning to minimize stress-induced enhancement in the rate
of crystallization. These results also suggested that one potential resin design route
to improve bonding and bonding window of ASPUN spunbond grade resins would
be to broaden the melting range.
The ASPUN resin used in the study (0.955 g/cc) which exhibited a very sharp
melting peak (very narrow melting range) as shown in Figure 6.3. The melting
range of ASPUN resins can be broadened by blending miscible POP resins, which
typically have lower melting points compared to ASPUN resins. Blending a
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Figure 6.3 The DSC melting endotherm (second heat) of ASPUN 6842A and its blends
with POP.
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miscible polyethylene component like a POP, which exhibits a lower melting/crystallization temperature can also decrease crystallization rates of ASPUN resins due
to a “dilution” effect.
Stephens et al. [38] have studied the miscibility of blends of ZN catalyzed
HDPE with metallocene catalyzed ethylene/octene homogeneous polymers (POP).
They showed using AFM images that a homogeneous ethylene/octene copolymer
with 5.3 mole% octene (0.901 g/cc) was completely melt miscible with HDPE
whereas copolymers with 8.5 mole% and 12.3 mole% octene exhibited partial
miscibility. These results suggest that blend of the ASPUN resin with 0.913 g/cc
(about 3.5 mole% octene) POP used in this study would be completely melt miscible. Note that it is the difference in octene content between HDPE and POP fraction
(and not the density difference) that determines the melt miscibility.
The DSC melting endotherm (second heat at 10  C/min after controlled cooling
at 10  C/min from a melt at 190  C) of the ASPUN resin and its blends with POP
are compared in Figure 6.3. The ASPUN/POP blends exhibited significant melting
in the 90115  C range compared to neat ASPUN resin due to the lower melting
point of the AFFINITY POP component. Hence, addition of lower melting
AFFINITY POP component increased the breadth of the melting distribution. This
could help to broaden the bonding window.
Addition of lower melting miscible POP component can also slow down crystallization of ASPUN resin due to a “dilution” effect (molecules of ASPUN have to
diffuse out of the surrounding POP molecules to deposit on to the growing higher
density crystallites). The crystallization peak temperature of the ASPUN resin
decreased when blended with the miscible POP diluent. The CRC for the ASPUN
resin was about 308  C/h versus about 260  C/h when blended with 45 wt% POP
resin. These data show that ASPUN FGR crystallized slower when it was blended
with 45 wt% POP compared to neat ASPUN resin. Even then, the crystallization
rate of the ASPUN FGR component in the blend was much faster than the hPP resin
(CRC of 120  C/h).
Orientation level in the melt just before on-spinline crystallization also affects
thermal bonding because higher orientation level (induced for example at higher
spinning speeds) promotes stress-induced crystallization which leads to more perfect (higher melting) crystallites. This morphology is not preferred for bonding as it
would narrow the bonding window and subsequently reduce bond strength and
overall fabric strength (even though fibre strength would be higher). This is especially true for hPP. An extreme case is that of the cold drawn (drawn in semimolten state) fibres which upon drawing exhibit a very high level of crystallinity
and high strength. However, bonding of such fibres is poor due to extremely narrow
bonding window, subsequently yielding a weaker fabric. [32] For a very fast crystallizing polymer such as ASPUN FGR, the stress-induced crystallization effect
would be much less. In practice, fibres are spun near the critical melt break stress
level to obtain finest denier fibre possible. A higher melt index (MI) or melt flow
rate (MFR) resin would give lower denier fibre and lower MI or MFR resin would
give higher denier fibres.
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6.2.4 Results and discussion
6.2.4.1 Tensile, abrasion (fuzz), flexural rigidity and softness
properties
Tensile properties, flexural rigidity, abrasion (fuzz) and coefficient of friction
(COF) of 20 gsm and 27 gsm monocomponent spunbond fabrics made from hPP
H502-25RG polymer at two bond roll oil temperatures are shown in Table 6.2 and
Table 6.3. Spunbond fabrics made from hPP resin typically exhibit a maximum in
tensile strength and fabric elongation at peak force as a function of bond roll oil
temperature, indicating a broad bonding window [34]. Tensile properties, flexural
rigidity, abrasion (fuzz) and COF of 20 gsm monocomponent spunbond fabrics
made from the ASPUN and the ASPUN/POP dry blends (80/20, 70/30 and 55/45)
are shown in Table 6.4. The spunbond fabric produced from ASPUN FGR exhibited
increasing tensile strength and elongation at peak force with an increase in bond
roll oil temperature with the highest tensile strength and elongation at peak force
achieved at the highest bond roll oil temperature before roll wrapping. A maximum
(an optimum) in tensile strength or elongation at peak force as a function of bond
roll oil temperature was not observed. The spunbond fabric made from the ASPUN/
POP blends exhibited a maximum (optimum) in tensile strength and elongation at
peak force as a function of bond roll oil temperature. The maximum was achieved
at a different bond roll oil temperature depending upon the level of the POP fraction. The tensile strength and elongation at peak force initially increased with an
increase in bonding temperature due to improved bonding between the fibres.
However, the tensile strength and elongation at peak force decreased beyond the
optimum bond roll oil temperature possibly due to fibre thinning at bond edges
(over bonding). These data suggest that the ASPUN/POP blends exhibited a broader
bonding window compared to the ASPUN resin. Note that tensile strength of fabrics
made from the ASPUN/POP blends was slightly lower compared to that of the
ASPUN resin possibly due to lower blend density (crystallinity). Also, note that the
elongation at peak force of spunbond fabric made from the ASPUN/POP blends
was significantly higher compared to that of the spunbond fabric produced from
100% ASPUN FGR possibly due to the combination of lower density and improved
bonding. Tensile strength of the fabrics made from the ASPUN and the ASPUN/
POP blends was significantly lower than that of the fabric made from the hPP resin.
However, elongation at peak force of the fabrics made from the ASPUN/POP
blends was higher than that of the fabric made from the hPP resin. This was consistent with the spunbond fabric produced from 100% ASPUN FGR typically giving
higher elongation at break compared to hPP-based fabrics.
It is useful to obtain fibre stressstrain data to understand spunbond fabric tensile properties. However, it is very challenging to obtain single fibre stressstrain
data from unbonded or bonded spunbond fabric because it is difficult to separate
very low denier (23 denier) fibres for testing from entangled or bonded fibres.
Hence, 2.5 denier fibres from the ASPUN and hPP H502-25RG (25 MFR) were
made on a Hills technology continuous filament spinning line and wound on a spool

Tensile, abrasion (fuzz), flexural rigidity, and COF properties of 20 gsm spunbond fabrics made
from hPP H502-25RG at two bond roll oil temperatures

Table 6.2

H 502-25 RG
at 145 C
H 502-25 RG
at 155 C

Force Max,
MD (N/5 cm)

Force Max,
CD (N/5 cm)

Elong. at peak
force, MD (%)

Elong. at peak
force, CD (%)

Fuzz
(mg/
cm2)

Flexural
rigidity
(mN cm)
MD

Flexural
rigidity
(mN cm)
CD

COF,
MD

45.2

30.5

64.7

66.9

0.4

0.49

0.29

0.36

49.7

37.2

63.8

78.3

0.25

0.7

0.30

0.39

Tensile, abrasion (fuzz), flexural rigidity, and COF properties of 27 gsm spunbond fabrics made
from hPP H502-25RG at two bond roll oil temperatures

Table 6.3

H 502-25
RG at
145 C
H 502-25
RG at
155 C

Force Max,
MD (N/5 cm)

Force Max,
CD (N/5 cm)

Elong. at peak
force, MD (%)

Elong. at peak
force, CD (%)

Fuzz
(mg/
cm2)

Flexural
rigidity (mN
cm) MD

Flexural
rigidity (mN
cm) CD

COF,
MD

58.6

38.2

55.8

59.9

0.65

0.99

0.65

0.32

76.2

53.1

83.8

82.1

0.51

1.13

0.70

0.35

Tensile, abrasion (fuzz), flexural rigidity, and COF properties of 20 gsm spunbond fabrics made from
ASPUN and ASPUN/POP blends at various bond roll oil temperatures. Additional data points for spunbond
fabric made from ASPUN 6811 A (27 MI, 0.941 g/cc), under similar conditions, are also included

Table 6.4

Calendar
Oil Temp
( C)
Max Force
(N/5 cm)

Elongation
at peak
force (%)
Flexural
Rigidity
(mN cm)
Fuzz
(mg/cm2)

COF

115
120
125
130
115
120
125
130
115
120
125
130
115
120
125
130
115
120
125
130

ASPUN
6842A
(MD)

ASPUN
6842A
(CD)

80/20
ASPUN/
POP
(MD)

80/20
ASPUN/
POP
(CD)

9.3
11.1
14.6

4.1
5.6
7.7

10.2
12.7
11.5

4.6
7.0
8.2

25.0
32.6
61.1

32.9
45.1
63.0

44.6
67.2
58.0

52.4
84.3
86.2

0.13
0.12
0.13

0.05
0.06
0.05

0.06
0.05
0.07

0.03
0.02
0.03

1.0
0.98
0.83
0.19
0.19
0.19

0.29
0.28
0.28

70/30
ASPUN/
POP
(MD)

70/30
ASPUN/
POP
(CD)

55/45
ASPUN/
POP
(MD)

10.03
11.45
13.38
12.06
46.8
61.5
103.8
66.8
0.067
0.043
0.052
0.062
0.98
0.90
0.81
0.49
0.34
0.34
0.34
0.4

4.33
5.4
7.57
7.44
55.8
64.6
100.3
88.7
0.018
0.018
0.015
0.017

11.45
13.54
12.32
9.9
86.3
108.6
88.1
54.1
0.038
0.051
0.069
0.066
0.97
0.86
0.50
0.46
0.45
0.43
0.44
0.46

55/45
ASPUN/
POP
(CD)

ASPUN6811A
(MD)

ASPUN6811A
(CD)

7.03
7.71
6.84
106.
106.9
113.8
91.7
0.011
0.014
0.021
0.016

9.8
13.7

4.7
8.3

34.5
76.9

45.3
84.2

0.07
0.08

0.04
0.03

0.83
0.68

0.25
0.3
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Load-elongation of fibres (2.5 denier)
HDPE and PP H502-25RG fibres
Load (g/denier)
3.5

HDPE

3

H502-25RG

2.5
2
1.5
1
0.5
0

0

50

100

150
% Elongation

200

250

300

Figure 6.4 Fibre load-elongation curves. Fibres were prepared at 2500 m/min.

at 2500 m/min. The stressstrain data on these fibres are shown in Figure 6.4.
It can be seen that the ASPUN fibre exhibited about one-third the tenacity of the
hPP fibres. The lower tensile strength of spunbond fabrics made from the ASPUN
and the ASPUN/POP blends could be due to lower tenacity of the ASPUN and
ASPUN/POP blend compared to hPP. Since the failure often occurs at the bond
points themselves, the strength of the melted fibres or film at the bond points could
be judged a priori by measuring the polymer strength.
Abrasion (fuzz) resistance of 20 gsm spunbond fabrics made from the ASPUN,
70/30, and 55/45 ASPUN/POP dry blends as a function of bond roll oil temperature
is shown in Table 6.4 and Figure 6.5. Abrasion was measured in the machine direction (MD) using a Sutherland ink rub tester as described before. The 70/30 ASPUN/
POP dry blend exhibited the lowest fuzz level only at 130 C bond roll oil temperature. In contrast, the 55/45 ASPUN/POP dry blend exhibited a low fuzz level at the
bond roll oil temperatures of 125  C and 130  C. These data show that the 55/45
ASPUN/POP dry blend exhibited a broader bonding window (about 6 4  C) and
significantly lower fuzz level (higher abrasion resistance) compared to the neat
ASPUN resin. Fuzz level of spunbond fabric made from the 55/45 ASPUN/POP
blend was still higher than that of the hPP spunbond fabric as seen from Tables 6.2
and 6.4.
Flexural rigidity of 20 gsm spunbond fabrics made from the hPP, ASPUN, dry
blends of ASPUN/POP at blend ratios of 80/20, 70/30, and 55/45 are shown in
Table 6.4. It can be seen that 20 gsm spunbond fabrics made from the ASPUN and
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Abrasion or fuzz of spunbond fabrics
1.1
1
Abrasion (mg/cm2)

0.9
0.8
0.7

ASPUN
70/30 ASPUN/POP

0.6

55/45 ASPUN/POP

0.5
0.4
0.3
0.2
110

115

120
125
130
Calendar roll oil temperature (oC)

135

Figure 6.5 Abrasion of the fabrics made from the ASPUN, 70/30 ASPUN/POP and 55/45
ASPUN/POP dry blend as function of bond roll oil temperature.

the ASPUN/POP blends exhibited significantly lower flexural rigidity (higher
drapeability) compared to the spunbond fabric made from the hPP resin.
The softness ratings of 20 gsm spunbond fabrics made from the hPP, ASPUN
and ASPUN/POP blends are shown in Figure 6.6. A higher rating indicates a softer
fabric, as determined by a trained hand feel panel. In the rating study, carded PP
non-woven was rated as 2.5 and standard PET fabric was rated as 0. [39] It can be
seen that 20 gsm spunbond fabrics made from the neat ASPUN and 70/30 ASPUN/
POP blend exhibited significantly higher softness rating compared to the hPP spunbond and carded fabrics. Note that coefficient of friction (COF) and flexural rigidity
contribute to the perception of softness—lower values of both of these quantities
lead to higher softness rating. It can be seen from Tables 6.2 and 6.4 that spunbond
fabric made from 100% ASPUN FGR exhibited the lowest COF which was significantly lower than that of the hPP fabric. The surface roughness of the neat ASPUN
fibres, measured by using atomic force microscopy (AFM), was higher than that of
fibres made from the hPP resin under similar processing conditions. Higher surface
roughness of the 100% (neat) ASPUN fibres is believed to be the main cause of
low COF of the fabric. It is believed that faster crystallization kinetics of the
ASPUN resin leads to higher level of surface crystallinity resulting in higher fibre
surface roughness.
Tensile, fuzz, flexural rigidity and COF properties of 27 gsm spunbond fabrics,
made from the ASPUN and the ASPUN/POP blends (80/20, 70/30 and 55/45), are
shown in Table 6.5. The trends in the properties were very similar to that obtained
for 20 gsm fabric.
These results show that bonding window and abrasion resistance of spunbond
fabrics made from ASPUN FGR can be significantly improved by blending POP
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3.5

3.5

3.3

3.0
2.5

2.5

Softness rating

2.5

2.0

1.5
1

1.0

0.5
0

0.0
PP Standard
carded

PET Standard hPP Spunbond

ASPUN
Spunbond

70/30
ASPUN/POP
Spunbond

ASPUN/hPP
Bi-co
Spunbond

Figure 6.6 Softness rating of 20 gsm spunbond fabrics made from hPP, ASPUN FGR and
ASPUN/POP blends.

resin [40]. Such blends also exhibited improved spinnability compared to the
ASPUN FGR resin. Spunbond fabrics made from the ASPUN/POP blend exhibited
significantly higher softness rating compared to the hPP spunbond and carded fabrics. This improved softness is desired in many hygiene applications and can be
readily achieved in spunbond fabrics made from ASPUN and ASPUN/POP blends.
Understanding of the structureproperty relationships of ASPUN/POP blends has
led the way forward in designing new generation of ASPUN polyethylene resins to
enable improved spinning performance as well as broadening of the bonding window. Improved bonding which has resulted in increased abrasion resistance has
enabled the fabrication of soft, drapeable, and abrasion resistant monocomponent
spunbond fabrics.

6.3

Monocomponent polypropylene-based soft
spunbond fabrics

This section focuses on how polypropylene was modified using propylene-based
plastomers and elastomers (PEPs and PEEs, respectively. e.g., VERSIFY from The
Dow Chemical Company) in order to produce a highly extensible nonwoven with
increased softness and drapeability while maintaining mechanical properties of
which tensile strength and abrasion resistance are critical. As the hygiene industry

Table 6.5 Tensile, abrasion (fuzz), flexural rigidity, and COF properties of 27 gsm spunbond fabrics made from
ASPUN and ASPUN/POP blends at various bond roll oil temperatures. Additional data points for spunbond fabric made from ASPUN 6811 A (27 MI, 0.941 g/cc), under similar conditions, are also included
Calendar
Oil Temp
( C)
Max Force
(N/5 cm)

Elongation at
peak force
(%)
Flexural
Rigidity
(mN cm)
Fuzz (mg/cm2)

COF

115
120
125
130
115
120
125
130
115
120
125
130
115
120
125
130
115
120
125
130

ASPUN
(MD)

ASPUN
(CD)

80/20
ASPUN/
POP
(MD)

80/20
ASPUN/
POP
(CD)

14.9
16.2
20.4

7.0
8.1
11.4

14.2
18.1
18.3

7.2
9.4
12.4

32.7
37.8
65.1

45.5
47.5
72.8

49.1
81.0
71.1

57.8
77.3
98.8

0.26
0.28
0.26

0.14
0.12
0.14

0.10
0.16
0.12

0.06
0.06
0.07

1.38
1.39
1.0

1.19
0.89
0.57

0.19
0.19
0.24

0.28
0.28
0.29

70/30
ASPUN/
POP
(MD)

70/30
ASPUN/
POP
(CD)

55/45
ASPUN/
POP
(MD)

55/45
ASPUN/
POP
(CD)

13.74
15.13
19.36
17.57
39.0
67.5
137.2
82.8
0.134
0.109
0.116
0.161
1.12
1.02
0.89
0.75
0.31
0.37
0.38
0.34

5.58
8.08
11.2
11.08
50.2
74
141.9
106.0
0.039
0.048
0.032
0.037

14.36
17.59
17.4
15.07
75.8
115.6
103.0
79.7
0.079
0.111
0.123
0.129
1.02
1.05
0.67
0.60
0.46
0.47
0.46
0.47

7.08
9.81
11.6
10.61
78.1
126.6
139.5
121.5
0.028
0.034
0.032
0.035

ASPUN6811A
(MD)

ASPUN6811A
(CD)

13.7
17.8

6.8
10.5

43.3
71.5

51.9
74.3

0.18
0.15

0.07
0.08

1.29
1.08

0.30
0.30
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is under huge cost pressures, it is also very important that processability and recyclability are maintained.

6.3.1 Materials and experimental
Polypropylene homopolymer is the baseline resin within the global spunbond market
today and virtually all polypropylene suppliers can offer these fibre grades. Dow
vis-broken Ziegler-Natta polypropylenes H502-25RG (MFR at 2.16 kg/230  C of
25 g/10 min) and 5D49 (MFR at 2.16 kg/230  C of 38 g/10 min) are marketed in
Europe and North America, respectively. The hPP H502-25RG was evaluated in
blends with VERSIFY propylene ethylene copolymer (MFR at 2.16 kg/230  C of
25 g/10 min, containing 9 wt% Ethylene) in dry blends as well as in melt compounded blends. Ratios that were used ranged from 10% to 40% propylene ethylene
copolymer with 90% to 60% the homopolymer polypropylene. Kamdar et al. [41]
have shown that blends of homogeneous propylene-ethylene copolymers are melt miscible if the difference in ethylene content is less than about 18 mole% E (13 wt% E).
These results suggested that blends of hPP and VERSIFY propylene ethylene
copolymer used in this study were melt miscible.

6.3.2 Spunbond line configuration
The spunbond experiments were carried out on the same Reicofil III line with a
beam width of 1.2 m as described earlier. The trial was run at an output of 180 kg/
hour/m (0.68 g/min/hole) for all the resins. Resins were spun to make about 2.0
denier fibres which corresponded to a fibre velocity of about 3000 m/min at 0.68 g/
min/hole output rate. A monocomponent spin pack was used in this trial, which had
5297 holes (4414 holes/m) each having a diameter of 0.6 mm (600 micron) and a
L/D ratio of 4. The spunbond fibres were spun at a melt temperature of 230  C. The
thermal bonding embossed calendar roll had 16.2% bonding surface with 49.9 bond
points per cm2 and an oval shaped pattern type. All bonding temperature settings
were conducted with smooth and engraved rolls using the same oil temperature. The
nip pressure was maintained at 70 N/mm for all the resins. Again, all calendar temperatures described in this study were the oil temperature of the embossed roll. The
roll surface temperature was about 7 C lower than the oil temperature. Tensile and
abrasion properties of the spunbond fabrics were measured as described earlier.

6.3.3 Results and discussion
6.3.3.1 Tensile, abrasion,, flexural rigidity and softness properties
Tensile properties of 20 gsm monocomponent spunbond fabrics made from the
blend of hPP H502-25RG with VERSIFY Propylene Ethylene Copolymers (90/10;
80/20; 70/30; 60/40 blend ratios) are shown in Table 6.6. As the VERSIFY propylene ethylene copolymer content was increased, the tensile strength of the fabric
containing hPP/VERSIFY blends decreased compared to that of hPP spunbonded

Tensile properties of spunbonded fabric (20gsm) produced from hPP/Propylene Ethylene Copolymer
(PEC) blends

Table 6.6

Fmax, MD (N/5 cm)
Oil Temp.
( C)
115  C
120  C
125  C
130  C
135  C
140  C
145  C

90% PP/10%
PEC
14.0
15.4
19.7
23.9
28.9
37.0
41.2

Fmax, CD (N/5 cm)
80% PP/20%
PEC
17.9
21.9
27.7
31.5
35.9
38.1
34.9

70% PP/30%
PEC
22.0
25.1
29.8
31.4
32.2
32.1
29.0

60% PP/40%
PEC
25.0
25.8
27.5
26.0
25.7
24.2
22.4

Elongation at maximum Force, MD (%)
Oil Temp.
( C)
115  C
120  C
125  C
130  C
135  C
140  C
145  C

90% PP/10%
PEC
19.1
19.9
27.0
31.6
42.8
62.2
71.5

80% PP/20%
PEC
35.6
37.2
57.0
61.7
73.1
76.9
69.2

90% PP/10%
PEC
7.4
9.1
10.3
12.9
16.7
20.9
24.9

80% PP/20%
PEC
11.3
11.6
15.5
19.8
20.6
22.6
22.1

70% PP/30%
PEC
11.6
15.8
16.5
19.3
20.8
20.7
19.7

60% PP/40%
PEC
15.2
14.9
15.9
16.9
16.5
15.6
14.6

Elongation at maximum Force, CD (%)
70% PP/30%
PEC
47.4
57.5
69.7
74.0
78.8
72.4
61.9

60% PP/40%
PEC
73.6
74.8
81.7
73.7
66.6
66.5
56.3

90% PP/10%
PEC
35.9
33.6
31.3
38.9
50.4
62.5
71.2

80% PP/20%
PEC
44.9
41.9
59.0
70.9
71.7
78.4
73.6

70% PP/30%
PEC
54.9
68.6
69.0
78.5
88.2
82.6
74.2

60% PP/40%
PEC
86.3
81.7
87.3
91.9
85.5
76.1
70.5
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Fuzz of spunbond fabric (20gsm) produced from
hPP (H502-25RG) and hPP/Propylene Ethylene Copolymer
(PEC) blends

Table 6.7

Fuzz, abrasion resistance (mg/cm2)
120 C
hPP (H50225RG)
hPP/PEC at
30% PEC
hPP/PEC at
40% PEC

125 C

130 C

135 C

140 C

145 C

150 C

155 C

160 C

0.79

0.59

0.37

0.27

0.21

0.21

0.59

0.53

0.45

0.41

0.32

0.26

0.59

0.52

0.42

0.37

0.28

0.23

fabric, possibly due to lower crystallinity of the blend. Secondly there was an
increase in elongation at peak force of about 20% (absolute) in both MD and CD
compared to that of the hPP fabric.
In many hygienic applications the abrasion resistance is very critical to the functionality and aesthetics of the final article. Abrasion test results are summarized in
Table 6.7. Higher abrasion resistance of the blends was attributed to the broader
bonding window. Higher abrasion resistance was obtained for the spun bond fabric
produced from hPP/VERSIFY blends at lower bonding temperatures compared to
the neat hPP fabric. This was recognized as a benefit as it is known in the spunbond
industry that bonding at lower temperatures can produce fabrics with increased
drape and softer touch. The fabrics made from the hPP/VERSIFY blends also exhibited significantly lower flexural rigidity (higher drapeability) compared to the neat
hPP fabric over the entire bonding window.

6.4

Bi-component spunbond fabric and bi-component
binder fibres

This section will describe core/sheath bi-component spunbond fabrics which combine
the best attributes of polyethylene and polypropylene resins. Such bi-component fabrics exhibit softness and drapeability similar to polyethylene based spunbond and
abrasion and tensile strength similar to polypropylene based spunbond. A description
of bi-component binder fibres comprising a polyester core and ASPUN sheath, used
to bond cellulose fibre to make hygiene absorbent cores, is also included. Failure
mechanisms of the final bonded composite are also described.

6.4.1 Background
Currently, the bulk of spunbond production lines have mainly monocomponent fibre
configuration. These lines have been optimized for high output rate and
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consistency, and are mainly used to convert homopolymer polypropylene (hPP). As
mentioned before, vis-broken ZN homopolymer polypropylene resins having narrow molecular weight distribution are widely used and they exhibit excellent spinnability in a spunbond process. Spunbond fabric made with ASPUN resins exhibit
superior drapeability and softness but inferior abrasion and tensile strength compared to hPP spunbond fabric.
In the recent history, machine manufacturers have developed and optimized
bicomponent spunbond processes to incorporate the advantages of more than one
polymer. Bicomponent fibre spinning can be defined as “extruding two polymer
streams from the same spinneret with both polymers contained within the same filament”. The polymers are arranged in substantially distinct zones in the cross section
of the bicomponent fibre, and usually extend continuously along the length of the
bicomponent fibre. The term “conjugate fibres” is often used, particularly in Asia,
as synonymous with bicomponent fibres. With this technique, it is possible to produce fibres of any cross sectional shape or geometry that can be imagined.
Bicomponent fibres are commonly classified by the way the different polymers are
arranged versus the fibre cross-section structures such as side-by-side, sheath-core,
islands-in-the-sea and citrus fibres or segmented-pie cross-section types.
Hygiene absorbent products contain an absorbent core which can be comprised
of cellulose pulp fibres, synthetic bi-component staple binder fibres and in many
cases a super-absorbent polymer (SAP). Bi-component binder fibres typically have
a higher melting core of polyester or polypropylene resin and low melting sheath
layer of ASPUN FGR. In absorbent cores, bi-component binder fibres should be
able to not only bond with each other, but also to the cellulose fibres in order to
produce structures which are as strong and coherent as possible. To achieve this
end, functionalized polymers such as AMPLIFY GR MAH-g-PE resins are typically
added to the fibre sheath layer which typically comprises ASPUN FGR.
Bicomponent fibres are an important material in the nonwoven market, the main
applications include:
G

G

G

Nonwoven fabrics for diapers, feminine care and adult incontinence products (as top
sheet, back sheet, leg cuffs, elastic waistband).
Air-laid nonwoven structures for absorbent cores in wet wipes and other personal care
products.
Spunlaced nonwoven products like medical disposable textiles, filtration products.

6.4.2 Materials and experimental
The first aim of this work was to determine the bonding behavior and properties of
bicomponent spunbond fabric. A bicomponent fibre structure with hPP core (Dow
hPP H 502-25 RG, 25 MFR) and polyethylene sheath (ASPUN FGR, 30 MI,
0.955 g/cc) was chosen with a core/sheath ratio of 80/20. The bi-co spunbond were
prepared using the Reicofil III beam with the parameters described previously.
Table 6.8 shows the current ASPUN Fibre Grade Resins (FGR).
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ASPUN polyethylene fibre grade resin grades

Designation

Area

Melt index,
I2 (g/10 min)

Density
(g/cc)

Melting
point
( C)

Applications

XUS
58200.04
ASPUN
6834
ASPUN
6835 A
ASPUN
6850 A

Global

30

0.913

108.2

Binder fibre

Europe,
IMEA
US, Asia

17

0.950

128.2

17

0.950

128.2

US, Asia

30

0.955

129.6

Spunbond/Staple/
Bico
Spunbond/Staple/
Bico
Spunbond/Staple/
Bico

PET/ASPUN Fibre Grade Resins (FGR) bicomponent
fibre compositions for staple binder fibre studies. 10 wt%
MAH-g-HDPE graft was blended in the sheath layer

Table 6.9

Core

ASPUN fibre grade resins sheath

MAH Graft

PET

18 MI (I2), 0.93 g/cc

PET

17 MI (I2), 0.95 g/cc

PET

30 MI (I2), 0.955 g/cc

MAH-g-HDPE
(12 MI, 0.952 g/cc, 1.2% MAH)
MAH-g-HDPE
(12 MI, 0.952 g/cc, 1.2% MAH)
MAH-g-HDPE
(12 MI, 0.952 g/cc, 1.2% MAH)

The second aim of this work was to determine the tensile strength of bonded airlaid pads made from cellulose fibres mixed with 20% core/sheath bi-component
binder fibres. The melt index (molecular weight) and density of the sheath resin in
the core/sheath bicomponent binder fibre are key fundamental molecular parameters
determining the bonding conditions and bond strength. To explore this concept, 50/50
core/sheath bicomponent fibres (2 denier) were melt spun on a Hills bicomponent
line with the sheath compositions shown in Table 6.9. The fibres were then cut into 4
mm staple fibres and converted into an air-laid pad with cellulose fibres at a loading
of 20 weight percent and 100 gsm basis weights. The pads were then placed in a
through-air oven and bonded for 15, 30, 45, and 60 seconds at bonding temperatures
of 135  C, 149  C, and 163  C. The dry tensile strength of 25 mm wide 3 150 mm
long strips was measured on an Instron at a crosshead speed of 50 mm/min. For
select samples, the tensile strength as a function of both time and temperature was
measured. Scanning electron microscopy (SEM) was conducted on the air-laid pads
before and after tensile testing to study the failure mechanisms.
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6.4.3 Results and discussion
6.4.3.1 Tensile, abrasion (fuzz), flexural rigidity and softness
properties of bi-component spunbond
Bi-component spunbond made from an hPP core and a PE sheath made with ASPUN
FGR was tested for tensile, abrasion and softness properties as a function of calendar
roll oil temperatures. Table 6.10 shows tensile properties of fabrics at various basis
weights and bond roll oil temperatures. The maximum fabric tensile strength of
approximately 20 gsm bi-component fabric was about 3037 N/5 cm [width] in MD
and about 1620 N/5 cm in CD, depending upon the bond roll oil temperature.
Monocomponent hPP based 20 gsm spunbond typically exhibited MD tensile strength
of about 4550 N/5 cm and CD tensile strength of about 3037 N/5 cm as a function of bond roll oil temperature. Monocomponent spunbond fabric made from 100%
ASPUN FGR typically exhibited an optimum MD tensile strength of about 15 N/
5 cm and CD tensile strength of about 8 N/5 cm at 20 gsm. It is apparent that the
hPP/ASPUN polyethylene FGR bi-component spunbond exhibit tensile strength intermediate to the tensile strengths of the two monocomponent spunbond fabric.
The abrasion (mg/cm2) of the hPP/ASPUN Polyethylene FGR bi-co spunbond fabric was measured using the Sutherland ink rub tester. The data show that fuzz level
decreased as the bonding temperature was increased, reaching a plateau value of
about 0.6 mg/cm2. Note that a low fuzz value of about 0.6 mg/cm2 for the bi-co spunbond is obtained at the optimum bond roll oil temperature of about 135  C.
Monocomponent 100% hPP spunbond typically exhibited an optimum fuzz value of
about 0.25 mg/cm2 at 20 gsm. The monocomponent 100% ASPUN FGR spunbond
fabric typically exhibited an optimum fuzz value of about 0.8 mg/cm2 at 20 gsm
basis weight and the monocomponent spunbond fabric made from the ASPUN/POP
blends exhibited an optimum Fuzz value of 0.6 mg/cm2 . The hPP/ASPUN
Polyethylene FGR bi-co spunbond exhibited abrasion resistance between that of the
two monocomponent spunbond fabrics.
The bi-component spunbond fabric exhibited very good drapeability (lower bending stiffness), close to that of the monocomponent spunbond fabric produced from
ASPUN FGR. Drapeability of hPP monocomponent fabric was very poor due to high
bending stiffness of polypropylene fibres. Having a 20%30% sheath of ASPUN
FGR polyethylene in hPP/ASPUN bi-component fibres significantly reduced bending
rigidity of fibres and the spunbond fabric due to lower modulus of ASPUN FGR and
also due to its placement as a sheath layer.
Softness rating of hPP/ASPUN Polyethylene FGR bi-component spunbond fabric
is shown in Figure 6.6. As described earlier, a higher rating indicates a softer fabric,
as determined by a trained hand feel panel. Spunbond fabrics made from 100%
ASPUN FGR typically exhibited the highest softness rating of about 3.3 whereas
spunbond fabrics made from 100% hPP resins typically exhibited a low softness rating of about 1.0. It is a common knowledge that that spunbond fabrics made from
100% ASPUN FGR exhibit superior softness compared to spunbond fabric made
from 100% hPP resins [42]. Softness data show that hPP/ASPUN Polyethylene
FGR bi-component fabric exhibited softness rating of about 2.5 suggesting that the

Tensile properties of bicomponent spunbond at two basis weights made from the hPP/
ASPUN at 80/20 core/sheath ratio
Table 6.10

Embossed
roll oil temp.
( C)

Basis
weight
(g/m2)

Fmax
(N)
MD

Fmax
(N)
CD

Elong. at
peak (%)
MD

Elong. at
Peak (%)
CD

Flexual
rigidity (mN
cm) MD

Flexual
rigidity (mN
cm) CD

Fuzz
(mg
/cm2)

COF,
MD

125
125
130
130
135
135

18.9
25.9
19.1
26.1
19.2
25.9

30.0
44.7
33.9
49.2
37.0
52.9

16.3
25.0
19.3
30.0
20.2
32.7

39.7
57.7
50.2
56.8
56.3
63.0

65.7
76.2
86.0
90.5
83.5
98.2

0.396
0.710
0.333
0.864
0.350
0.891

0.111
0.241
0.117
0.262
0.113
0.261

0.720
0.973
0.685
0.705
0.598
0.641

0.1904
0.1474
0.168
0.1076
0.1598
0.0878
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bi-co spunbond fabric was significantly softer than monocomponent (100%) hPP
spunbond fabric.
These results clearly show that bi-component spunbond fabric based on polyethylene sheath made from ASPUN FGR and polypropylene core can advantageously
combine superior softness and drapeability of a polyethylene monocomponent spunbond with spinnability, tensile strength, and abrasion resistance of polypropylene
monocomponent spunbond. Such bi-component fabrics have allowed converters and
end-users to produce products with differentiated performance that was not achievable either with monocomponent hPP or with ASPUN FGR fabrics. Hand feel,
drapeability, and softness have been the key distinguishing features of the hPP/
ASPUN FGR bi-component spunbond fabrics which represent a significant
improvement compared to monocomponent hPP spunbond fabric.

6.4.3.2 Bicomponent binder fibres
The dry tensile properties of an air-laid pad made with the three different bicomponent binder fibre structures are shown in Figure 6.7. Twelve weight percent binder
fibres were used to make the composite pad structure. Bonding was done using a
hot-air convection oven at the air temperature of 149  C. The highest tensile
strength was achieved with a sheath containing AMPLIFY MAH-g-PE and ASPUN
6834A (0.95 g/cc, 17 I2). The second highest tensile strength was achieved with
ASPUN 6850A (0.955 g/cc, 30 I2) followed by the 0.930 g/cc, 18 I2 ASPUN FGR.
It was thought that the higher density of the ASPUN 6850A enabled increased
1000
900

Max Load (g/25mm)

800
700
600
30 Seconds
45 Seconds
60 Seconds

500
400
300
200
100
0
0.955, 30 I2 ASPUN

0.930, 18 I2 ASPUN

0.95, 17 I2 ASPUN

Figure 6.7 Tensile strength of air-laid pads with three different bicomponent fibre
structures.

180

Polyolefin Fibres

tensile strength but its lower molecular weight made it weaker than the ASPUN
6834A based version in the bonded cellulose pad. In general, lower molecular
weight ASPUN FGR will exhibit a lower tensile strength in fibre applications for a
given density.
Figure 6.8 shows the dry tensile strength as a function of bonding time and temperature for the bicomponent fibre with the ASPUN 6834A blended with 10%
MAH-g-PE in the sheath layer. Again, 12 wt% binder fibres were used. At bonding
times greater than about 30 seconds, tensile strength had basically reached a broad
maximum. The sample bonded at 163  C for 60 seconds was slightly over-bonded,
evidenced by a 12%15% decrease in tensile strength. Depending on the air-laid
line configuration, the dwell times may be as short as 10 seconds in which higher
bonding temperature would be required. It is therefore important to design the
sheath resin to have a broad enough melting range and drop in viscosity during the
cycle to adequately coat the cellulose fibres.
In order to understand the failure mechanisms of staple binder fibres in
cellulose-based systems, scanning electron microscopy was conducted on the airlaid pads before and after tensile testing. Figure 6.9 shows the bond points between
the bicomponent binder fibres and cellulose fibres for the 0.930 g/cc, 18 I2 (MI)
ASPUN FGR and ASPUN 6834A with AMPLIFY MAH-g-PE as the adhesive. The
two sheath compositions show good wet-out of the cellulose fibre with a diffuse
interface. The higher bonding area is reflected by the higher pad strength since the
network had become more cohesive. The interfaces of these same compositions
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Figure 6.8 Tensile strength of air-laid pads with 0.95 g/cc, 17 MI and 10% MAH-g-PE in
the sheath layer as a function of bonding time and temperature.
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Figure 6.9 Bonding points in air-laid pads with cellulose and PET/PE 1 graft bicomponent
fibres (from top to bottom: 0.93 g/cc, 18 MI 1 MAH-g-PE, 0.95 g/cc, 17 MI 1 MAH-g-PE).

after tensile testing are shown in Figure 6.10. The binder fibre runs vertically in the
micrograph and the cellulose fibre shown is perpendicular. The binder fibre sheath
material has coated the cellulose fibre approximately 10 μm in both directions, providing a large interfacial area to improve the bond strength. This suggested that failure mechanisms consisted of the following: (1) drawing of the sheath fibre, (2)
pull-out of the core. The fibres with MAH-g-PE in the sheath exhibit both these
mechanisms indicating that adherence to the cellulose and the tensile strength of
sheath layer of the fibre control the pad strength. It was not surprising that the PET
core delaminated cleanly from the PE sheath since adhesion between polar and
non-polar materials is generally low. In this case, it was thought that the MAH-gPE did not contribute to the adhesion to the core but rather to the cellulose
substrate.
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Figure 6.10 Morphology of fibres in air-laid pad as shown in Figure 6.9 after tensile testing.

Summary
It was shown that bonding window and abrasion resistance of spunbond fabrics
comprising ASPUN FGR can be significantly improved by blending with POP
resin. Such blends also exhibited improved spinnability compared to ASPUN FGR
resins. Spunbond fabrics made from ASPUN/POP blend exhibited significantly
higher softness rating compared to hPP spunbond and carded fabrics. This improved
softness is desired in many hygiene applications and can be readily achieved in
spunbond fabrics made from ASPUN and ASPUN/POP blends. These ASPUN/POP
blends have led the way forward regarding designing new generation of ASPUN
polyethylene products which allow for improved spinning performance as well as
broadening of the bonding window. With the improved bonding, the abrasion resistance has also been increased. In this way, it has been shown that new resin designs
open up new pathways for making soft, drapeable and abrasion resistant monocomponent spunbond fabrics.
Monocomponent spunbond fabric produced from blends of hPP and propylenebased plastomers and/or elastomers exhibited an excellent combination of drapeability, tensile strength and elongation properties while maintaining abrasion
resistance. The blends were able to run at standard hPP throughputs on existing
lines and were also fully recyclable (edge trims fed back into the system). Due to
the broad bonding window of these polymer blends, the properties of the fabric
were also shown to be adjustable based on the bonding temperature.
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Bi-component spunbond fabric with polyethylene sheath which are made from
ASPUN FGR and homo-polypropylene core combined the excellent attributes of
both polymers and hence exhibited the combination of softness, drapeability, tensile
strength, high elongation and abrasion properties. Bicomponent spunbond fabrics
have been finding increased use in new application areas where the unique fabric
properties are required and appreciated.
In composite structures, bi-component binder fibres having polyethylene sheaths
made from ASPUN FGR and AMPLIFY MAH-g-HDPE when blended with cellulose fibres gave excellent tensile strength in bonded air-laid pads.
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7.1

7

Introduction

Ethylene, also known by the systematic name ethene, is the simplest and the most
common organic monomer (Fig. 7.1). It has boiling point of 2104 C and melting
point of 169 C [1]. The monomer is a gas at the atmospheric conditions.
However, propene usually known by the common name propylene (Fig. 7.1) is one
of the most challenging monomers that can be utilized in the polymer chemistry. At
the atmospheric conditions, propylene is a gas that is widely used for manufacturing
polypropylene (PP). It has boiling point of 247.7 C and melting point of 2185 C
[1]. Both monomers are petroleum-based products and belong to the group of olefin, unsaturated chemical compounds.
High molecular weight (MW) PP cannot be produced by a free radical polymerization. Usually, stable allyl radicals form and the resulting amorphous polymer with
the molecular weight of less than 1000 Da is obtained. Obviously, such a polymer
does not possess any useful properties for most commercial applications. Therefore,
coordination chemistry has been utilized to initiate the polymerization of propylene
to make a useful, crystallizable, stereoregular, fibre-forming polymer. A variety of
organometallic catalysts are currently used to produce the polymer (Fig. 7.2).
A free radical polymerization of ethylene generally leads to branching but a linear polyethylene (PE) can be produced by using organometallic catalysts developed
by Ziegler and others (Fig. 7.2).
Isotactic polypropylene (iPP) has relatively low melting point of 160174 C
and is an ideal polymer for making fibres. PP provides nearly half of base fibre for
nonwoven fabrics [2].
It is important to emphasize that PP is highly susceptible to oxidation and UV
light degradation. Antioxidants and UV stabilizers are generally used to improve
the performance of this polymer.
iPP does not contain any functional groups and therefore cannot be dyed with
conventional dyeing methods. Coloration of PP fibres is commercially done by
introduction of thermally stable pigments. A number of approaches were proposed
[35] to improve the dyeability of PP fibres.
Low-density (branched) PE with the melting point of 105115 C is an ideal
material for making films and nonwovens. Linear polyethylenes exhibit higher
melting points in the range of 120130 C.
Polyolefin Fibres. DOI: http://dx.doi.org/10.1016/B978-0-08-101132-4.00007-2
Copyright © 2017 Elsevier Ltd. All rights reserved.
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Figure 7.1 Chemical structure of ethylene (A) and propylene (B).
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Figure 7.2 Polymerization reactions for (A) ethylene and (B) propylene.
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Spatial positions of pendant methyl groups in PP can be arranged in several ways. Head
to tail placement is often present in iPP (and other polyolefins) that can be shown by the
Natta projection (Fig. 7.3). As shown the methyl groups are in the same spatial positions, which in contrary to syndiotactic PP, where these groups are in alternating locations. A random arrangement of the methyl groups in PP results in atactic polymer.
A stereoregular insertion of propylene into the growing PP chain has been the
focus of a broad attention. Since 1953, a number of catalysts and commercial polymerization processes have been developed for PP. Obviously, the stereoregularity
and polymers properties greatly depend on a type of organometallic catalysts used.
Ziegler [6] and Natta [7,8] were first to come up with the combination of alkyl
aluminum and titanium halides and the latter demonstrated stereoregular polymerization of propylene. This exciting discovery was recognized by the Nobel award
committee in 1963. Nearly 20 years later, Kaminsky and others [610,21] reported
the use of metallocenes of group 4 transition metals with methylaluminoxane (MAO).
These catalysts were proven to be highly active for manufacturing of stereoregular PP.

7.2.1 Catalysts
Both ZieglerNatta and metallocene catalysts are used to produce PP that exhibits
with different properties and the processing characteristics. Table 7.1 gives a
general comparison of properties of iPP that is produced with these catalysts. The
metallocene catalysts generally produce a higher tacticity, much lower polydispersity index and give a better spinning performance of PP.
The reaction mechanism of stereoregular polymerization is relatively complex
and is not always well understood. It involves polycoordination and multiple or
single polymerization centers.
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Figure 7.3 The Natta projection of iPP.

Characteristics of iPP produced by using ZieglerNatta
(ZN) and metallocene (Me) catalysts [2]

Table 7.1

Feature

ZN iso-PP

Time period
1950s
Catalyst system
ZieglerNatta
Catalyst components Transition metal compound
Ti, V, Cr, Ni, etc.
Alkyl-metal catalyst
Distinctive structure TiCl3, R2O/TiCl3
Activity
5 3 1031 3 104 g/gTi
Reaction mechanism Polycoordination, multiple
polymerization centers
Tacticity
B90%
Polydispersity indexa 36
Melting point
Controllable range:
160164 C
High melting point: 162 C
Stereospecificity
Isotactic products (iPP) only

Spinning
performance

Producers

Poor to good
Low elasticity, low
viscosity, high degree of
nozzle bulking
Hoechst, Germany
Montecatini, Italy

Me iso-PP
1980s
Metallocene
Transition metal compound
Zr, Ti, Cr, bonded
cyclopentadienyl ring
MgCl2/TiCl4/Ph(COOiBu)
3 3 1046 3 104 g/gTi
Polycoordination, single
polymerization center, high
catalytic efficiency
.98%
2
Controllable range: 130160 C
Low melting point: 162 C
Low atactic PP content
Isotactic or syndiotactic
homopolymer or isotactic/
syndiotactic copolymer
Good
Good spin-stretch, easy processing

Exxon, United States
Hoechst, Germany
Knapsack, Germany
Mitsui, Japan

a

The ratio of the weight average to the number-average molecular weight.
Reprinted with permission from CRC Press, Taylor & Francis Group.

7.2.2 ZieglerNatta catalysts
The development of ZieglerNatta catalysts is definitely an exciting, technological
breakthrough in the polymerization of α-olefins. They are highly stereoselective to
produce iPP. The other similar systems that contain vanadium tetrachloride, VCl4
tend to yield syndiotactic polymers [11].
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The ZieglerNatta catalysts are formed from α-TiCl3 with [AlCl(C2H5)2]2.
Polymerization occurs at titanium centers located on the exterior of the crystallites.
Most titanium ions in these crystallites are surrounded by six chloride ligands to
give an octahedral structure. At the surface, however “defects” occur where some
titanium centers lack their full complement of chloride ligands. The alkene binds at
these “vacancies.” In ways that are unclear, the alkene converts to an alkyl ligand
group. The coordination sphere of the metal restricts the approach of incoming
alkenes, thereby imposing stereoregularity on the growing polymer chain [12,13].
The Cossee-Arlman mechanism [14] (Fig. 7.4) is generally accepted to explain the
stereoregularity of PP.
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Figure 7.4 Cossee-Arlman mechanism of insertion of propylene onto the titanium halide
surface.
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The original ZieglerNatta catalysts exhibited a relatively low tacticity of about
90% [2]. In order to improve selectivity, Solvay Co. [2] used a Lewis base, for
example, diethyl aluminum chloride as a cocatalyst. The new catalyst had a high
specific surface area of 150 m2/g [15].
The stereoselectivity of this catalytic system improves even further when the
titaniumaluminum complex is supported on MgCl2 thus the amount of atactic PP
is greatly minimized [2,13]. To form this catalyst, a Lewis base and MgCl2 are
milled together and mixed with a heptane solution containing TiCl4. The resulting
solid is collected by filtration and mixed with AlEt3 in a low boiling hydrocarbon
solvent under nitrogen [13]. The care must be exercised because trietyl aluminum is
unstable and pyrophoric in air.
The latest development of ZieglerNatta catalysts is the reactor granule technology that provides high efficiency and a high degree of stereoregularity, and enables
to control polymer particle formation and growth [16]. A typical catalyst sphere is
shown in Fig. 7.5 [2].
Stereoregular polymerization involves three basic steps namely: initiation, propagation, and termination. Termination occurs by β-hydride elimination (Fig. 7.6),
where a hydrogen is abstracted by the metal to leave a double bond at the end of
the polymer chain [14].
As mentioned by Mülhaupt [18] in his review on catalytic polymerization, the
Ziegler’s discovery of mixed catalysts (metaloorganische Katalysatoren) serendipity
influenced the choice of his research activities. Ziegler initially tried to polymerize
ethylene with nickel salts and alkyl aluminum but this lead exclusively lead to the formation of 1-butene. When he replaced the nickel catalyst with TiCl3 (or other halides
of transition metals from groups 4, 5, and 6), Ziegler was able to make a linear polyethene at the ambient temperature and the atmospheric pressure [19] (Fig. 7.7). His
1953 amazing discovery was patented and commercialized in several years and still
being used in the production of high-density polyethylene (HDPE) [18].

7.2.3 Metallocene catalysts
Metallocenes are complexes of transition metals, most commonly zirconium or titanium, and two cyclopentadienyl (C5H5, Cp) ligands coordinated in a sandwich
structure, where the two cyclopentadienyl anions are coplanar with equal bond
lengths and strengths [20]. The cyclopentadienyl (Cp) ligand (Fig. 7.8) is one of the
most common and popular ligands in organometallic chemistry [20]. It is an anionic
ligand that normally coordinates in a ŋ [5] mode as a 6e-donor, but it can adopt ŋ3and ŋ1-coordination modes as shown in Fig. 7.9 [22].
Much research time has been invested into the properties and uses of metallocenes, with their uses as polymerization catalysts being a main focus of interest.
Metallocenes are very important as catalysts in the polymerization of olefins, or
hydrocarbons with a double bond including ethylene and propylene. Metallocenes
have shown many advantages over the use of ZieglerNatta catalysts, which have
been the traditional catalysts for olefin polymerization [23]. The discovery of these
new catalytic systems based on metallocenes has begun a new era in polyolefins

194

Polyolefin Fibres

Figure 7.5 Morphologies of (A) raw and (B) dealcoholized spherical particles of
MgCl2  nEtOH [17].
Reprinted with permission from Hanser Publisher.

Ln TiCH2CH2R′

Ln TiH + CH2

CHR′

Figure 7.6 Termination by β-hydride elimination [14].
Reprinted with permission from VCH Verlagsgesellschaft mbH, New York.
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Reprinted with permission from John Wiley & Sons, Inc.
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technology. Although, there has been thorough research done on metallocenes,
some recent areas of investigation of their uses as catalysts in the polymerization of
PP and PE include issues involving their structureactivity characteristics and their
abilities to develop polyolefins with selective properties.
Metallocenes are a relatively old class of organometallic complexes, with ferrocene being the first discovered in 1951. Ferrocene was discovered during a reaction
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Figure 7.11 The general makeup of a metallocene compound.

between iron powder and cyclopentadiene, which in turn created an unpredicted
product [20]. Upon investigation of the compound, it was found that the structure
was composed of a central iron atom, which shared pi electrons with two cyclopentadiene rings [24]. The two rings were connected on opposite sides of the central
metal forming a sandwich-like compound as shown in Fig. 7.10.
Today it is known that many transition metals form metallocene compounds and
there are a variety of different structural types. Derivatives of metallocenes include
structures with an intramolecular bridge between the two cyclopentadienyl rings,
compounds with just one facially bound planar organic ligands (half-sandwich compounds), compounds with three Cp anions and two metal cations in alternating
order (tripledecker configuration), and compounds where one cyclopentadienyl
ligand is replaced by three other ligands (piano stool configuration). There are also
parallel sandwich complexes like that of ferrocene [25]. The general makeup of a
metallocene compound is shown in Fig. 7.11.
The spatial arrangement and electronic properties can be altered by changing
the structure of the metallocene: different substituents can be placed on each C
atom of the cyclopentadienyl ligands, and the bridge structure as well as the metal
center can also be changed. Sc, Y, Yb, Sn, Lu, U, and Th have been recently used
for the metal center. Each arrangement causes various catalytic properties to be
altered such as activity, relative reactivity toward different monomers, and stereospecificity [26].
The simplest metallocene structures are easily modified by replacing the Cp
ligands with other variously substituted derivatives. In this way, a great number of
catalysts with different steric and electronic properties are generated. The catalysts
contain two C5 ring derivatives, always lying on tilted planes, which can be bridged
or unbridged. Some examples are shown in the illustration, where the influence of
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the metallocene structure on the microstructure of the polymer product is presented
in Fig. 7.12 [22].
Because activity, stereospecificity, regiospecificity, and relative reactivity toward
different monomers depend on the catalysts’ characteristics, the metallocene systems offer the advantage of controlling the product through modifications of their
chemical structure.
Metallocene
complex

I

Kind of polymer

ZrX 2
Atactic PP

II

ZrX 2
Isotactic PP

III

ZrX 2
Syndiotactic PP

IV

ZrX 2
Hemi-isotactic PP

V

TiPh 2
Stereo-block PP

VI

TiX 2
Isotactic-atactic PP

Figure 7.12 Correlation between the metallocene structure and the polymer microstructure [22].
Reprinted with permission from ACS.
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A polyolefin is prepared by polymerizing an olefin as the sole monomer, and
at least 50% of the resulting resin must be olefin. Ethylene and propylene are the
most common of these olefins, making PE and PP the major products. However,
with the introduction of copolymers such as octene and butene, a much wider
range of products can be made—from homopolymer PP, through copolymer PP
to ethylene propylene rubber, ethylene elastomer, linear low-density polyethylene
(LLDPE) and high-density homopolymer polyethylene (HDPE). By controlling
the rate of comonomer incorporation, another class of polyolefins, termed
bimodal, can also be manufactured. Thus, while we traditionally think of polyolefin polymers as a repeating pattern of a single monomer, in many cases more
than one monomer is used to refine properties. For example, PE is semicrystalline, but introducing an alkene comonomer in the side chains reduces crystallinity. This in turn has a dramatic effect on polymer performance, which improves
significantly as the side chain branch length increases up to hexene, and becomes
less significant with octene and longer chains. It is by manipulating this side
branching that companies have made various grades of PE suitable for different
applications [27].
Polyolefins are produced using refined metallocene catalysts that have a constrained transition metal (generally a Group 4B metal such as Ti, Zr, or Hf) sandwiched between one or more cyclopentadienyl ring structures to form a sterically
hindered polymerization site. This unique catalyst provides a single polymerization
site instead of multiple sites of conventional catalysts. These single-site catalysts
have the ability to alter the properties of polymers to obtain a very high degree of
polymerization [26]. Metallocene compounds are superb catalysts in the formation
of polyolefins like PE and PP when paired with a cocatalyst like MAO [28]. The
MAO bonds to the central metal atom in the metallocene and forms a cationic complex which can easily react with double bonds in the olefin monomers.
Polymerization occurs when the cationic metal atom in the metallocene coordinates
with the double bond of an olefin monomer, then through a series of electron shifts,
several of the olefin monomers can be connected forming long-chain polymers as
shown in Fig. 7.13 [29].
Until recently, most olefin polymerization was catalyzed by ZieglerNatta catalysts, which are compounds based on titanium tetrachloride and triethyl aluminum
[30]. However, metallocene polymers can be used to give more favored properties to
olefin polymers and allow some polymers to be tailored to have specific qualities.
One advantage of using metallocenes instead of ZieglerNatta catalysts in olefin
polymerization is metallocenes’ ability to control of polymer tacticity, molecular
weight, and molecular weight distribution [31]. ZieglerNatta catalysts have several
independent active sites where olefins can react, but metallocenes are single-site catalysts allowing the reaction to proceed in a predicted, controllable manner [27].
Consequently, new polymers, which could never have been produced by
conventional ZieglerNatta catalysts, i.e., syndiotactic PP, and long-chain-branched
polyolefins, can be obtained by metallocene catalysts. Another advantage to using
metallocenes is that the properties of the polymer can be controlled by changing the
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Figure 7.13 Mechanisms of metallocene polymerization [29].

ligands, or groups attached to the metal. An example of this is that metallocenes can
be used to make copolymers of uniform distribution by introducing two metallocenes with different ligands into the reaction in a controlled ratio [21]. Metallocenes
can also offer polymers with an elevated melting point [32].
Although metallocenes do have some benefits as opposed to the traditional
ZieglerNatta catalysts, they do also have some big disadvantages. ZieglerNatta
catalysts will continue to remain competitive because they are proven to work and
are much less expensive than metallocene catalysts [33]. Metallocene catalysts also
require the use of very large amounts of aluminoxane cocatalysts (sometimes up to
1000 times the amount of the metallocene), which are very expensive themselves.
Another drawback is that the catalysts are unable to polymerize polar molecules,
such as common acrylics or vinyl chloride. This is due to the metallocenes’ tendency to bind to oxygen. Introduction of a polar monomer into a reaction system
will kill the catalyst activity to almost zero [34].
Metallocene-based catalysts for the polymerization of polyolefins have farreaching implications for the development of new materials as well as for the
understanding of basic reaction mechanisms responsible for the growth of a polymer chain at a catalyst center and the control of its stereoregularity. Because polymerization by a metallocene-based catalyst occurs at a single type of metal center,

200

Polyolefin Fibres

it is possible to correlate metallocene structures with polymer properties such as
molecular weight, stereochemical microstructure, crystallization behavior, and
mechanical properties [35]. A tailored polyolefin chain can be made by simply
choosing a metallocene, which produces a polymer with the desired characteristics.
It has been found that certain metallocenes can give completely alternating copolymers, which polymers consisting of two types of monomers [22]. One such case is
the use of zirconium cyclopentadiene metallocenes to form polyolefins, which
incorporate alternating ethylene and propylene monomers [36]. Another selective
property of metallocenes is their ability to produce either isotactic or syndiotactic
stereoregular polymers [24]. In iPP, the most common commercial form, the methyl
groups are all in the same configuration and are on the same side of the polymer
chain. Due to this regular, repeating arrangement, PP has a high degree of crystallinity. In syndiotactic PP, alternate methyl groups are on opposite sides of the polymer backbone, which exactly opposite configurations relative to the polymer chain.
Isotactic polyolefins have been made using zirconium metallocenes and syndiotactic polyolefins have been made using vanadium metallocenes [24]. These stereoregular polymers are of high molecular weight, which in turn provides greater
toughness, impact resistance, and elongation. In general, polymerization has proven
to be more stereospecific if the metallocene complex is quite crowded [24]. It is
evident that polymers can be tailored to specific characteristics. In turn, this can
help polymer chemists in assuring certain properties when using metallocene catalysts with specific inorganic centers and ligands.
An interesting subject of metallocene catalyzed polymerization involves the catalyst structure and catalyst activity characteristics of metallocenes. Metallocenes
include a very wide range of compounds made up of many different elements. The
structure of the metallocene catalysts can control the properties of the resulting polymers [37]. Structureactivity properties have been tested by changing only the structure of the polymerization catalyst, including the inorganic center and ligand
properties, while keeping all experimental conditions constant, including temperature, solvent, nature of the cocatalyst, chemical ratios, pressures, and polymerization
time [38]. It has been shown that, in the polymerization of PE, sterics play a role in
determining polymerization activity. Metallocenes show a very high activity with
smaller less bulky ligands and yield lower productivity with very bulky ligand [38].
Also, metallocenes based on a carbon bridge are less active for polymerization than
those based on a silicon bridge [38]. This shows the presence of inorganic chemistry
in the advancement of metallocene properties. Taking into consideration the frontier
molecular orbital theory, the lowest unoccupied molecular orbital (LUMO) corresponds to molecular regions where the addition of electronic density is energetically
more favorable. Olefin polymerization is considered to be a nucleophilic reaction, so
that the incoming ethylene monomer will attack the catalyst species through the
most favorable area for electron addition. Thus, the LUMO of the cationic species
can be considered a suitable field descriptor of the polymerization activity [38].
Activities of polymerization are also different when metallocenes from different
classes are used, such as the parallel sandwich complex, the half-sandwich complex,
or the bent sandwich complexes shown in Fig. 7.14, respectively.
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Figure 7.14 Parallel sandwich, half-sandwich, and bent sandwich complexes.

Changing inorganic supports also changes polymer activity [29]. By researching
these areas further, more information on metallocene structureactivity properties
can be formulated and used to improve the efficiency of polymer production.
The research and knowledge surrounding metallocene catalysts form an important bridge between the organic chemistry of polymers and the inorganic chemistry
of the transition metals. Current research on metallocene catalysts includes polymerization tests changing only the structure of metallocenes in attempts to pinpoint
structureactivity relationships and experiments identifying metallocenes’ effects
on the microstructures of polyolefins. Because the research of metallocenes is fairly
new, there are many more possibilities that are waiting to be discovered.
Metallocene-based catalysts in comparison with conventional ZieglerNatta systems offer higher versatility and flexibility for both the synthesis and the control of
the structures of polyolefins. While metallocene catalysts are relatively high in cost
and are unable to polymerize polar monomers and monomers with functional
groups, their favorable properties have shown how much they can improve
α-olefins chemistry. It is very likely that with the emergence of the metallocenetype catalysts, coordination catalysts will become of even greater importance to the
polyolefin industry. In the next decade, we will continue to see the benefits of these
metallocene catalysts and new advances in polymerization.

7.2.4 Industrial polymerization processes
7.2.4.1 Polymerization of ethylene
Tubular reactors and high pressures of 120300 MPa (17,00043,000 psi) [39] are
commercially used to polymerize ethylene and produce LDPE. The process was
first invented by Fawcett and Gibson of ICI Industries Ltd (United Kingdom) in the
early 1930s. The branched polymer is usually produced due to intermolecular chain
transfer or “backbiting.” Consequently, long and short branches are formed. In the
latter the propagating radical abstract hydrogens from the fifth, sixth, and seventh
methylene groups to form n-hexyl, n-amyl, and n-butyl branches, respectively [39]
(Fig. 7.15). n-Butyl branches generally dominate.
In a typical industrial polymerization process (Fig. 7.16), ethylene is initially
compressed to a higher pressure. Traces of oxygen with alkyl or acyl peroxide are
then injected to initiate the polymerization. To control the degree of polymerization
simple alkanes (propane, butane, etc.), ketones (acetone) or alcohols (isopropanol)
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Figure 7.15 Mechanisms of short branching in LLDPE [39].
Reprinted with permission from Wiley-Interscience, New York.
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Figure 7.16 Flow diagram of high-pressure PE process [39].
Reprinted with permission of Wiley-Interscience, New York.
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are used as chain-transfer agents. The polymerization process is carried out as a
bulk polymerization. Compressed liquid ethylene serves as a solvent for PE if the
pressure is above 200 MPa. Thus, the homogenous polymerization occurs. Lower
pressures result in a suspension polymerization. Low molecular weight waxes and
oils usually dissolve in the liquid ethylene and later are separated. Tubular reactors
have inner diameter of 26 cm and length of 0.51.5 km. The polymer residence
time does not exceed 2 minutes as the process is carried to a low conversion about
30%. The highest process temperatures reach 300325 C. The PE is extruded into
pellets at 250275 C [20].
A number-average molecular weight of commercial LDPE does not exceed
100,000 g/mol and could have a high polydispersity index from 3 to 20 [39]. The
polymer has low density of 0.910.93 g/cm3 and the degree of crystallinity of
40%60%.
Due to a good film property, LDPE is extensively used for film making and nonwoven accounting for about 60% of polymer consumption [40]. Poltrusion and
paper coating account for about 15%. Over 8 billion pounds of the polymer were
produced in 2001 in the United States.
Linear HDPE is mainly manufactured by using traditional ZieglerNatta and
metal oxide Philips-type initiators in suspension polymerization [40]. More expensive metallocene catalysts are also used but accounted for less than 5% of the total
HDPE production in 2002 [20]. About 14 billion pounds of HDPE was produced in
the United States in 2001.
Since HDPE is nearly a linear polymer, it has a higher density of 0.940.96 g/
cm3, the melting point of 133138 C as well as improved tensile strength, bending
stiffness, and chemical resistance.
LLDPE is a very interesting copolymer of ethylene with a small amount of an
α-olefin such as 1-butene, 1-hexene, or 1-octone. The copolymer is manufactured
with ZieglerNatta or Philips initiators by using inexpensive gas-phase technology
and has controlled quantities of ethyl, n-butyl or n-hexyl branches. Eight billion
pounds of LLDPE was produced in the United States in 2001.

7.2.4.2 Polymerization of propylene
Montecatini Company cooperated with Professor Natta and became first company
in 1957 to produce stereoregular PP. However, the polymer required further purification by using solvent extraction to remove atactic PP and corrosive catalyst residue. The first generation PP also had poor thermooxidative stability [18].
Four major processes were subsequently developed to address these drawbacks
prior to the development of supported catalysts. These included the following
manufacturing processes [17]:
1.
2.
3.
4.

slurry (Hercules, United States),
bulk (Rexene, Philips, United States),
vertical stirred gas phase (BASF, German), and
solution (Eastman, United States).
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Figure 7.17 Rexene bulk process [17].
Reprinted with permission from Hanser Publisher.

The slurry process was the oldest, most versatile, and very complex.
Rexene and Philips came up with the liquid propylene (bulk) process that
allowed for a higher production rate and less complex plant design. The Rexene
[4144] and Philips [4548] process diagrams are shown in Figs. 7.17 and 7.18,
respectively. Rexene used an IPA (isopropanol)/hexane azeotrope for the solvent,
which simplified the distillation step [17]. The catalysts residues were complexed
with acetylacetone and propylene oxide. The residues and atactic PP subsequently
were washed off with liquid propylene.
The vertical stirred gas-phase reactor (Fig. 7.19) was first used in the commercial production in 1969 in Wesseling, Germany. The reactor had a sophisticated
bottom-mounted agitator that allowed for an effective heat transfer and mixing.
Small amount of atactic polymer remained in the polymer as the catalyst residues
were neutralized in the palletizing extruder. Although the BASF gas-phase process

Production of polyolefins

205

Polymerization
Catalyst
Propylene
H2
60–80°C
25–35 bar

CW

Workup
Propylene
Extractor

Chelating agent
propylene oxide

Catalyst residues,
atactic PP

(Temperature >
polymerizer
temperature)

Propylene
Flash
tank

Liquid
propylene

N 2 out
PP to additives
and extrusion
Heated conveyor
N2

Figure 7.18 Philips bulk loop process [17].
Reprinted with permission from Hanser Publisher.

has been very economical, the product had moderate lightfastness, which related to
the presence the catalyst residues. It has been marketed under trade name Novolen
[4954].
Although redesigned bulk and gas-phase processes are still used now with new
spherical coordination catalysts, the solution process developed by Eastman is no
longer practiced in the commercial production of PP.
As shown in Fig. 7.20, modern production of PP is solvent free, environmentally
friendly and has been simplified thus eliminating deactivation, polymer purification,
and even palletizing steps [17,55]. Since coordination catalyst is solid particles that
are usually dispersed in a gas or liquid propylene, an efficient PP production
requires a large catalyst surface. This is usually accomplished by using anhydrous
magnesium chloride as a support for TiCl3. Magnesium chloride is isomorphous to

206

Polyolefin Fibres

Propylene recycle
CW

CW
Compressor

Catalyst

75–95°C
20–35 bar

Flash tank

Propylene
H2
Polymerization

Rotary
compressor

Off-gas
Deactivation
Additives

Deactivator N 2

Propylene oxide
PP pellets
Extruder
Workup

Figure 7.19 BASF vertical stirred gas-phase process [17].
Reprinted with permission from Hanser Publisher.

γ-TiCl3 [18]. Supporting titanium complexes on microcrystals of TiCl3 results in a
very high catalyst activity because all titanium atoms are located on the welldeveloped MgCl2 crystallites. These spherical porous catalysts may also contain a
Lewis-base to be fully active.
This so called the Reactor Granule Technology was first promoted by Professor
Paolo Galli and his coworkers at Basell and is defined as “controlled, reproducible
polymerization of olefinic monomers on active magnesium chloride supported catalyst to give a growing spherical polymer granule that provides a porous reaction
bed within other monomers can be introduced to form polyolefin alloy” (Fig. 7.21).
The technology has developed over the years. The most recent advancement of the
reactor granules is based on the addition of 1,3-diethers (Table 7.2) that allows to
produce about 4000 kg highly stereoregular PP per a gram of titanium catalyst.
Obviously at this rate there is no need to remove or neutralize catalyst residues and
the amount of atactic polymer is very small (Table 7.2). Therefore, the polymer
quality was significantly improved for the BASF gas-phase process when these catalysts were used.
The continuous process that utilized liquid propylene also benefited from these
catalysts mainly by much higher production output greater than 300 kg PP/h m3.
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Figure 7.20 Simplified industrial processes for polyolefin production [18].
Reprinted with permission from John Wiley & Sons, Inc.
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Figure 7.21 Formation of spherical PP granules with controlled porosity using micropourous
catalysts as templates (data from Basell) [18].
Reprinted with permission from John Wiley & Sons, Inc.

Effect of silanes and diethers as fourth generation
donors (spherical support/liquid monomer, 1988) on production
of PP [17]

Table 7.2

Catalyst

Catalyst activity
(kg PP/g Ti)

Isoindex
(%)

Other attributes

Silane A

1870

96.3

Silane B
Silane C
Silane E
Diether Aa

2600
2500
3500
1850

97.7
98.0
99.0
97.0

Diether Ba 4000

96.3

Low decay rate; constant IsoIndex vs time and
MFR
High activity at higher MFR
Narrower MWD
Very broad MWD; poor H2 response
No external donor needed; narrow MWD,
good H2 response
No external donor needed; narrow MWD,
good H2 response

Note: Silanes such phenyltriethoxysilane or dialkylkoxysilanes are usually added with aluminum alkyls during
catalyst activation. 1,3-Diethers such as 2,2-disubstituted-1,3-dimethoxypropane are used as diethers [18].
a
Internal donor only. No additional Lewis base is required.
Reprinted with permission from Hanser Publisher, Munich.
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The design of Spheripol process (Himont/Montel/Basell) included numerous
innovations [17]:
G

G

G

G

G

A liquid-filled reactor.
A monomer flash evaporation under pressure that allowed liquification of the monomer
just by cooling, and recycling by pumping the liquid rather than using energy consuming
gas compressor.
Prepolymerization to a high level (50100 g PP/g cat vs the 23 g/g) to present a tougher
particle to the first reaction stage.
Continuous rather than batch precontact and prepolymerization that quarantined a constant
prepolymer quality, essential for the subsequent polymerization steps.
A liquid-phase first stage, and gas-phase second stage reactor for optimized operation of
homopolymer in stage 1, and EPR in stage 2.

A diagram of highly efficient Spheripol process by Himont/Montel is shown in
Fig. 7.22. PP producers such as Mitsui Petrochemical, Union Carbide, and others
developed their own versions PP production processes that are based on the reactor
granule technology.

7.3

Melt spinning of PP

Most melt spun PP fibres are produced from semicrystalline iPP. The abbreviation
PP is also used to represent isotactic polypropylene. Melt spun iPP filaments and
staple fibres have many applications from fabrics for furnishing, carpets, apparel to
needle punched, melt blown, and spun bond nonwovens. The nonwovens market is
the largest market for PP filaments and staple fibres. Melt blowing and spunbonding
are two processes for producing PP nonwovens by using staple and filaments. PP
nonwovens are used for applications such as diaper and hygiene products (surgical
gowns), and lots of others applications. In the past decades, consumption of PP
fibres had extremely competitive position compare to other synthetic fibres [56].
The high growth rate of PP fibres is not only due to a lower price of PP, but also
fibre properties such as easy processability, no moisture absorption, excellent wicking effect, good insulating properties had important roles [57]. PP fibre products
can be divided to the four main product groups: (1) multifilaments; (2) staple fibres;
(3) film tapes and fibrillated yarns; (4) melt blown and spun bond nonwovens [56].
A simple schematic design of melt-spinning process is given in Fig. 7.23. PP
granules or pellets (melt flow index (MFI) 5 1040 g/10 min) are fed first from
hopper to extruder. The extruder usually has several heating zones that allow to
melt the polymer. Typical temperatures are in the range from 230 to 280 C. Molten
PP is then melted and pumped to the spin pack. The spin pack consists of a filter
pack supported by a breaker plate for removing impurities and uniform melt flow to
a spinneret containing small orifices with diameter from 0.3 to 0.8 mm. A large
extruder used in industry with capacity of 5001000 kg/h is usually equipped with
a manifold to distribute molten PP to 820 spinnerets equipped with separate gear
pump and spin pack. The number of holes in the spinneret determines the number
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Figure 7.22 Spheripol process (Himont/Montell) [17].
Reprinted with permission from Hanser Publisher.
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Figure 7.23 Schematic of melt-spinning process [56].
Reprinted with permission from Kluwer Publisher.

of filaments in yarn and depends to the application of yarn, but it is typically in the
range of 50250. The number of spinneret holes for producing staple fibres is typically 10,00050,000. The molten fibres exit from spinneret and enter cooling zone
which cools and solidifies the fibres. The shape of spinneret holes is typically
round, annular, rectangular, or other different shapes that are shown in Fig. 7.24.
The shape of holes has effect on distribution of quench air flow, appearance of PP
fabric, and physical properties of fibres.
PP filaments can exhibit various morphologies and therefore a number of products such as preoriented yarn (POY), fully drawn yarn (FDY), high tenacity yarn
(HTY), continuous filament (CF), and bulk continuous yarn (BCF) can be produced
(see Fig. 7.25).
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Figure 7.24 Some spinneret holes cross sections and corresponding filament cross section
[58].
Reprinted with permission from Hanser Publisher.

The development of the melt-spinning plants is generally aimed at reducing
investment cost (through higher production speeds and/or more yarns ends per spinning position) as well as reducing energy, maintenance, and labor costs. By optimizing the equipment and its operation, it is possible to increase the spinning
performance and reduce the amount of waste, thereby increasing process efficiency
[56]. The development of the key components of melt-spinning plants, such as
extruder, spinning beams, packs, godets, and winding equipment allowed us for
increasing production speed and improving fibre properties. Fig. 7.26 shows process
steps, downstream processes, and main applications of PP fibre and filament
productions. In this part, we will review the different processes for producing PP
filaments and fibres and effect of variables of melt-spinning process on formation
and physical properties of fibres.
Preoriented or partially oriented (POY) yarns typically 40200 dtex are normally spun with a speed range of 25004000 m/min. Denier of individual filaments
is from 0.5 to 4. In new melt-spinning machines speed increased with increase in
end per position, so 10 ends can be processed on one winder. For improvement
quality of yarn, a parallel arrangement of spin beam and winder gives a yarn path
without friction for minimizing deflection of yarn.
FDY is made by stretching between hot godets. The yarn is drawn in two-step
(spin process separated from draw process) or one-step (spin process integrated
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Reprinted with permission from Kluwer Publisher.
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Draw panels for PP—yarn production
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Figure 7.26 Draw panels for PP multifilament yarn production [56].
Reprinted with permission from Kluwer Publisher.

with draw process) process. The most modern FDY processes are one-step, and
depend on the required yarn properties 13 draw steps are used. After drawing, the
yarn has to be crystallized on heated godets for the reduction of shrinkage (relaxation zone). A proper package cannot be produced from a high shrinkage yarn. In
textile applications, the dtex is 50300 (0.54 dpf) but for industrial applications
varies from 500 to 2000. Winding speeds usually do not exceed 5000 m/min with
draw ratios (DRs) of 3:18:1.
The largest market for PP filament is BCF (bulked CF) yarns with dtex of
1503600 (140 dpf). These yarns are using mainly for carpet and upholstery fabrics and produced in one-step process [56].
The important part of any BCF machines is texturing jet for making threedimensional crimp on the filaments. In the jet, first the yarn pulled and exposed to
a high temperature medium, compacted in a stuffer box and then cooled on a vented
wheel. The crimp characteristics depend on yarn temperature, interval between the
injector jet and the plug formation, plug density, size, and geometry of stuffer box,
temperature and pressure of the medium, denier of yarn and denier per filament,
and production speed. Because of uniformity problems in tangle knots in highspeed spinning and high-speed subsequent processes, tangling takes place between
godets for control the tension of tangling.

7.3.1 Extrusion
The extruder is one of the important elements in all polymer processing. It consists
of a heated barrel with a rotating screw inside as shown in Fig. 7.27. The primary
design factors of screw (Fig. 7.28) are helix angle θ, channel depth, flight width e,
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Figure 7.27 Single screw extruder [59].
Reprinted with permission from John Wiley & Sons, Inc.
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Figure 7.28 Screw channel geometry [59].
Reprinted with permission from John Wiley & Sons, Inc.

channel depth profile, clearance, channel width t, and length to diameter ratio
(L/D). Its main function is to melt the polymer pellets or granules and feed them to
the next step/element. The forward movement of the pellets in the extruder is along
the hot walls of the barrel between the flights of the screw. The melting of the
pellets in the extruder is due to the heat and friction of the viscous flow and
the mechanical action between the screw and the walls of the barrel. There are four
different heaters in the extruder, which are set in incremental order. Extrusion technology is aimed at achieving a high output capacity in connection with an optimization in homogeneity melt (constant and uniform throughput, temperature,
concentration of additives) lead to product quality. The screw design is the most
important part to achieve homogeneity melt.
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The extruder is divided into three different zones:
1. Feed zone: In the feed zone, the polymer pellets are preheated and pushed to the next
zone. Deeper feed zone has better feeding to next zones.
2. Transition (compression) zone: The transition zone has a decreasing depth channel in
order to compress and homogenize polymer melt.
3. Metering zone: This is the last zone in the extruder whose main purpose is to generate
maximum pressure in order to pump the molten polymer in the forward direction. A shallower metering zone has higher shear rate and better pumping (compression ratio 5 the
ratio of channel depth at the end of compression zone to the channel depth in the feed
zone). At this point the breaker plate controls the pressure generated with a screen pack
placed near to the screw discharge. The breaker plate also filters out any impurities such
as dirt, foreign particle metal particles, and melted polymer lumps.

To avoid thermal and mechanical loading of the melt, short residence time in
designing the screw is very important. In most cases, barrier flights were effective in separation of solid parts, more stable pressure and bigger melt throughput
range compare to conventional screws. By using a mixing system feeding, we can
achieve a high degree of pigment dispersion and other additives (UV stabilizer,
etc.). The color concentrate and other additives are melted and homogenized in a
side extruder and then passed through a metering pump to a dynamic mixer. Some
advantages of this mixing system are: (1) injection of small amount of additives
exact and reproducible; (2) excellent mixing quality in spite of wide difference
between viscosity of polymer and additives; (3) quick color changes to minimize
the production waste.
Melt-spinning system needs uniform heating, uniform melt without dead spots,
and uniform quenching of the individual filaments. Using bottom-loading round
self-sealing spin packs prevent undesired cooling as a result of the chimney effect
[58]. The spin beam heated by Dowtherm and provides optimal energy transfer for
spinnerets and melts pipes. The polymer melt is metered from the gear pump to the
spin pack via melt pipes, which allow an optimal heat transfer, a low-pressure drop,
equal residence time because of identical tube length, and without dead spots [56].
This leads to extremely high temperature uniformity less than 6 1 C at the spinneret. After exiting from spinneret holes, the filaments will be cooled by a very uniform cross-flow quench air.

7.3.2 Metering pumps
The metering pump is a positive-displacement and constant-volume device for uniform melt delivery to the die assembly, independently of changing counter pressures. In order to meet these requirements as far as is possible, gear pumps are
used. Gear pump works on the forced-conveying principle. Their conveyed volume
is less than the swept volume only by the very small amount of leakage that is
needed to build up and maintain a lubricating film between rotating and stationary
parts. Metering pump is precision unit and made of special types of hardened steel.
Their manufacturing is subject to the most exacting standards of manufacturing
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precision and surface quality. Specifying the clearance between rotating and stationary components takes into account the materials to be conveyed. If, for example,
metering pump dimensioned for polyamide or polyester is used for PP, they jam
after a short operating period because the clearance is not sufficient large for PP. On
the other hand, metering pump dimensioned for PP has too much leakage flow when
conveying polyamide or polyester. The metering pump drive is electronically controlled DC motor, or frequency controlled AC motor [60]. Metering pump ensures
consistent flow of clean polymer mix under process variations in viscosity, pressure,
and temperature. The metering pump also provides polymer metering and the
required process pressure. The metering pump typically has two intermeshing and
counter-rotating toothed gears. The positive-displacement is accomplished by filling
each gear tooth with polymer on the suction side of the pump and carrying the polymer around to the pump discharge, as shown in Fig. 7.29. The molten polymer from
the gear pump goes to the feed distribution system to provide uniform flow to the
die nosepiece in the die assembly (or fibre-forming assembly). A static mixer may
be used at the entrance of the die and it helps to homogeneity of melt temperature.
The rate of a gear pump is determined by the gear profile and the gear rotational
speed. Increasing revolutions per minute (RPM) will increase the rate of gear
pump. But, increasing RPM could be limited by the feeding behavior, temperature
rise restraints, or the shear sensitivity of the polymer. Another way is changing
geometry/profile gear pump. The discharge volume per revolution is calculated by
Eq. (7.1) [61]
π
Q 5 0:965 bðda 2 2 a2 Þ;
2

(7.1)

where da is gear tip circle diameter (cm), a is center distance of the gears (cm), b is
face width of the gears (cm), Q is discharge volume per revolution (ccm).

Suction

Figure 7.29 Schematic of metering pump.

Discharge
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7.3.3 Godets
Heated godets are used in spinning machines for drawing fibres. The temperature,
its accuracy, speed of the godets, and its fluctuations have effect on physical properties and quality of fibres. Godets are rotating rolls, which transport, stretch, or
thermally treat yarns, tows, or wraps. The godets are classified according to size
and usage (Table 7.3).
For hot godets below 260280 C, the surface of godet is coated with hard
chrome with 25 6 2 μm thickness. For temperatures higher than 240 C, plasmacoated godets are used. Heating method of godets depends on temperature, and usually uses hot water, steam, oil, electrical resistance, and infrared heaters.
Separator rolls usually are without drive and help to change the direction of
travel of the yarn or used in combination with a godet to move the traveling yarn to
form many parallel wraps on the godet of a few millimeter separation, which can
be changed by adjusting the angle between the separator roll and the godet axis.

7.3.4 Drawing frames
Drawing frames containing rolls (25) are used to feed, draw, dry, and heat set
synthetic yarns, tow, film, and fibres. For staple fibres production line, the configurations “quintent H” and “septet” are preferred (Fig. 7.30A and B) [58].

7.3.5 Winding heads
The shape of package and its formation are important factors for transportation,
storage, and take-off performance at high speeds subsequent processes. Automatic
winders for speeds up to 8000 m/min and up to 10 packages per chuck will be used.
Table 7.3

Classification of godets [58]

Separator rolls
Godets (draw roll, small)
Draw rolls (large, for draw frame)

Diameter (mm)

Surface speed (m/min)

1260
75300
2001000

# 1200
# 60008000
# 4001000

D

Reprinted with permission from Hanser Publisher, Munich.

(A)

(B)

Figure 7.30 Hot drawing frames (A) Quintet H and (B) Septet [58].
Reprinted with permission from Hanser Publisher.
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Birotor system is used for traversing of yarn for high speeds, with excellent transfer
reliability. The bobbin has to be ribbon free for avoid yarn movement during transportation. The Barmag Helicont system (ribbon-breaking system) is used for this
purpose [58].

7.3.6 Spin finish application systems
There are five different methods of applying finish at four different production positions (Fig. 7.31). Roll application system is the oldest and still used today for tow
and low speed (,1800 m/min). It is fitted at the inlet to the take-up machine, at the
bottom of the quench chamber or at tow processing. The rod applicator is a corundum plasma-coated stainless steel tube of the same length as a lick roll width. In
spray application, the finish is sprayed onto a running tow from above by atomizing
jets. Dipping baths can have 23 silicone runner coated calendar rolls running in a
heated finish or 15 dipping rolls running in a finish pan, both followed by nips to
squeeze out excessive finish. Pin or metered spin finish is dosed the required of
spin finish and water by an individual spin finish applicator (pin).

7.3.7 Hot drawing ovens
Hot drawn ovens are used to thermally treat the tow with hot air or steam superheated up to 250 C.

7.3.8 Stuffer box crimper
Stuffer box crimpers (Fig. 7.32) are used for CF and staple fibre tows. Stuffer box
crimper made from two rotating and stationary rolls (hardened stainless steel),
cheek plates and stripper lips, and forged bronze. The tow moistened and heated
with 100 C saturated steam, and spin finish is applied before entering to the stuffer
box. The crimping roll shafts are internally water cooled [58].
Spraying
Dipping
Centrifugal
pump machine

Winding/take-up

Rolls
Rods
Gear pump

Staple line

Pin applicator

Figure 7.31 Different methods of applying spin finish [58].
Reprinted with permission from Hanser Publisher.

Rewinding machine
Quench chamber

220

Polyolefin Fibres

s

e

Figure 7.32 Stuffer box [58].
Reprinted with permission from Hanser Publisher.

(A)

(B)

(D)

(C)

(E)

(F)

Figure 7.33 Cutting principle of the Lummus cutter: (A) tow, (B) tow tensioner, (C) cutting
wheel, (D) knife, (E) pressure roll, (F) cut staple fibre [58].
Reprinted with permission from Hanser Publisher.

7.3.9 Staple cutters
Staple cutting machines cut the continuous and usually crimped filament tow to the
specific length. The most staple cutters using in industry are Lummus cutter and
Neumag staple cutter. The principle of Lummus cutter and Neumag staple cutter is
shown in Figs. 7.33 and 7.34.
The clumps of staple fibres, which fall from the staple cutter, stick together
because of the crimp and the spin finish. The fibres transport to the baler by a fan
having open smooth blades. Staple are fibres compressed into standard bales of
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(C)
(A)
(B)

(D)

(E)

Figure 7.34 Cutting principle of Neumag staple cutter: (A) cutting rotor with tow and radial
knives (D), (B) pressure plate (loose and traveling), (C) rotating pressure excenter, (E) cut
staple fibre (falling down) [58].
Reprinted with permission from Hanser Publisher.

200500 kg weight, which are wrapped in plastic foil, covered by a woven cloth
and secured by steel straps.

7.3.10 Texturing BCF filament
In the case of texturing of BCF yarns, the hot yarn is compressed into a plug in a
stuffer box. The plug formation occurs by friction on the wall of the stuffer box.
Then the plug is cooled on a perforated drum and again stretched to a thread. The
surface finish and the wear and tear on all parts in the stuffer box have a direct
influence on yarn quality. The fine filaments (less than 6 denier) are much more
sensitive to damage than conventional BCF yarn (1225 denier). Rieter has developed the HPTEX system for the combination of the texturing jet and the cooling
drum (Fig. 7.35).

7.3.11 Important factors in melt spinning of polypropylene
The important variables of the melt-spinning process are: (1) take-up speed,
(2) length of the spinline, (3) cooling conditions along the spinline, (4) extrusion
temperature, (5) mass throughput per spinneret hole, and (6) the size and shape of
spinneret holes.
These parameters interact with the polymer characteristics to control the
processability, structure, and properties of filaments. The important polymer
variables are those that affect the rheological and crystallization behavior of the
polymer. These parameters are: (1) molecular weight and its distribution, (2) isotacticity, (3) comonomer type and content, (4) content of nucleating agent, and
(5) presence and amounts of antioxidants and stabilizers.
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Yarn inlet

Hot air inlet

Plug forming
Exhaust

Speed control by
cooling drum

Cooling drum

Figure 7.35 Stuffer box for texturing filament yarn (HPTEX system-Rieter technology) [62].
Reprinted with permission from Klass De Waal Publisher.

7.3.12 Stress in the spinline
The stress developed in the spinline largely controls both the spinnability and
morphology of filaments [6,7]. Higher stresses can lead to greater deformation
rates, which produce higher molecular orientation and finally instabilities that
cause the spinline to break. The higher molecular orientation leads to faster
crystallization (stress-induced crystallization) and sometimes makes higher
crystallinity.
The spinline stress, σzz is related to the viscoelastic properties of the polymer
and to the processing conditions (Eq. (7.2)).
σzz 5 ηðT; EÞ

dV
;
dZ

(7.2)

where dV/dZ is the velocity gradient along the spinline (V is velocity of the running
spinline at any given distance z from the spinneret), ηðT; EÞ is a temperature and
deformation rate dependent elongational viscosity of the polymer. According to
Eq. (7.2), the spinline stress is expected to increase, for given process conditions, as
ηðT; EÞ increases. It shows that polymer characteristics that affect the viscoelastic
properties of the polymer such as molecular weight and its distribution have important effects in the spinning process.
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Neglecting radial variations in the filaments, the spinline stress at in given distance z from the spinneret is also given by Eq. (7.3):
σzz 5

Frheo
πD2 =4

(7.3)

where D is the equivalent filament diameter and Frheo is the rheological force acting
in the filament. Frheo is given by an overall force balance on a single filament in the
spinline by Eq. (7.4) [63]:
Frheo 5 F0 1 Finert 1 Fdrag 1 Fsurf 2 Fgrav

(7.4)

where F0 is the rheological force at the exit of the spinneret, Finert is the inertial
force produced by the acceleration of the polymer mass along the spinline, Fdrag
is the drag force caused by the fibre moving through the cooling medium, Fgrav
is the gravitational force acting on the spinline, and Fsurf is the surface tension
force at the fibre/cooling medium interface. Under normal spinning conditions,
Finert and Fdrag are the major components of the rheological force. Eq. (7.4)
clearly indicates that for a given polymer, the spinline stress increases rapidly as
filament take-up speed increases due to an increase in both the inertial and air
drag terms.
The relative importance of the various forces in the melt-spinning process as a
function of the take-up speed shown in Figs. 7.36 and 7.37. By increasing take-up
speed air drag and inertia increased significantly [64].

d0

d max

F surf , Frheo, Ffric, F inert

Fext ,Fgrav
Solidification point

Figure 7.36 Various forces in melt-spinning process.
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Air drag
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surface tension

1
Inertia

Rheological
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Figure 7.37 Calculated relative importance of the various forces in the melt-spinning
process as a function of the take-up speed. The spinning conditions are: spinneret radius of
125 μm, filament radius at take-up of 9.25 μm, extrusion velocity of 300 Pa  s, and stationary
cooling air [64].
Reprinted with permission from John Wiley & Sons, Inc., New York.

Instron
Take-up roll
Load
cell

Chart

Glass cover
Sample

Silicone oil bath
Heater
Insulation

Figure 7.38 Elongational flow apparatus [66].
Reprinted with permission from John Wiley & Sons, Inc.

7.3.13 Rheological properties of polypropylene melts
7.3.13.1 Elongational viscosity
PP melts are more viscoelastic than nylon and polyester melts. Minoshima and coworkers [65] studied the rheological properties of wide variety of PP melts. Ide and White
[66] made an apparatus (Fig. 7.38) for measuring elongational viscosity, which has
special importance in fibre formation. The method consists of heating rods of PP on
the surface of a hot silicone oil bath and then stretching them at 180 C.
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The characterization of PP melts is given in Table 7.4. Fig. 7.39 shows shear viscosity decreases with increasing shear rate with pseudoplastic behavior. In the range
of fibre spinning (higher shear rates), the viscosity differs by a factor of only 1.5.
Fig. 7.40 shows zero shear viscosity versus Mw and Mv. Generally, for flexible
polymers η0 varies with approximately the 3.5th power of the weight average
molecular weight.
Behavior of melts in the elongational flow experiment depends on distribution of
molecular weight. The moderate and broad molecular weight distribution fibre samples usually exhibited several local necking just after they reached maximum stress,
and ductile failure occurred, similar to HDPE [63]. The narrow molecular weight
distribution samples elongated uniformly and finally ruptured abruptly, similar to
LDPE [63].
Table 7.4

Characterization of PP melts for rheological study [65]

Sample

MFI

Mw 3 1025

Mw/Mn

Mv 3 1025

PP-H-N
PP-H-R-B
PP-H-B-R
PP-M-N
PP-M-R
PP-M-B
PP-L-N
PP-L-R-N

4.2
5
3.7
11.6
12.4
11
25
23

2.84
3.03
3.39
2.32
2.79
2.68
1.79
2.02

6.4
9
7.7
4.7
7.8
9
4.6
6.7

2.4
2.42
2.71
1.92
2.13
2.07
1.52
1.66

Reprinted with permission from John Wiley & Sons, Inc.
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Figure 7.39 Shear viscosity-shear rate plots for PP at 180 C [67].
Reprinted with permission from John Wiley & Sons, Inc.
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Figure 7.40 Zero shear viscosity as a function of weight average molecular weight and
viscosity average molecular weight for PP [65].
Reprinted with permission from John Wiley & Sons, Inc.

Fig. 7.41 shows the relationship of reduced elongational viscosity, χ/3η0 versus
elongational rate. For the narrow molecular weight distribution samples, a constant
χ of approximately 3η0 was obtained at low elongation rates. At higher rates, the
viscosity increased. The elongational viscosity decreased with elongation rate for
broader samples. The narrow distribution samples were strain hardening, whereas
the broader samples were strain softening. The elongation at break also was larger
for narrow distribution molecular weight samples and increased with decreasing
molecular weight. For the broader molecular weight distribution, molecular weight
has not effect on elongation at break.
The neck development in moderate and broad distribution samples indicates
a decreasing elongational viscosity. The uniform filaments produced with the narrow
distribution polymers show that defects are healed due to increasing viscosity [65].
White and Roman [68] studied effect of molecular weight and its distribution on
the apparent elongational viscosity by using an Instron capillary rheometer at
180 C as shown in Fig. 7.42. Fig. 7.43 shows that the apparent elongational
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PP—M —N
PP—M —R
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Figure 7.41 Reduced steady state elongational viscosity as a function of elongation rate for
PP at 180 C [67].
Reprinted with permission from John Wiley & Sons, Inc.
Instron rheometer

180°C

Die L/D = 53.88
D = 0.029 inch
Flow rate 1.508 × 10–4cm 3/sec

Heated chamber

180°C

3 in
180°C
Tensiometer

Water quench
bath

Take-up device

Tension rod

Figure 7.42 Apparatus for isothermal melt spinning and measurement of elongational
viscosity [67].
Reprinted with permission from John Wiley & Sons, Inc.
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Figure 7.43 Apparent melt-spinning elongational viscosity as a function of elongation rate
for PP [67].
Reprinted with permission from John Wiley & Sons, Inc.

viscosity measured in low-speed isothermal melt spinning is larger than those measured in simple elongational flow (stretching PP rod in silicone oil at 180 C). The
viscosity of narrow distribution molecular weight samples does not decrease as rapidly as those of the broad distribution molecular weight samples [67].

7.3.14 Die swell
Die swell increases with increasing viscoelasticity of fluids. The shorter ratio of
length to diameter (L/D) of hole gives larger values of die swell. Generally die
swell reaches its limiting value at an L/D B40. Die swell is less for the die, which
is gradually tapered. The smaller angle entrances give larger effective L/Ds. Die
swell values also depend strongly on take-up speed spinning. Die swelling in PP
was studied by Minoshima et al. [67], White and Roman [68], and Huang and
White [69].
Minoshima [67] measured die swell at 180 C for a die with L/D of 40.
Fig. 7.44 shows the ratio of extrudate to die diameter (d/D) increases with
increasing shear rate. Die swell also is larger for broader distribution molecular
weight samples.
White and Roman [68] showed die swell is larger for shorter L/D; die swell
decreases with increasing take-up speed due to increasing stress as shown in
Figs. 7.45 and 7.46, respectively.
Huang and White [69] showed by increasing die entrance angle increases die
swell for PP (Fig. 7.47).
Ballenger and White [72] studied capillary entrance flow patterns for PP. They
found at low shear rate the polymer flowed into a flat-entry die along Newtonian-like,
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Figure 7.44 Extrudate swells as a function of die wall shear rate for PP at 180 C [70].
Reprinted with permission from John Wiley & Sons, Inc.
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Figure 7.45 Frozen extrudate swell for five polymer melts as a function of L/D ratio at
constant shear rate at 180 C [71].
Reprinted with permission from John Wiley & Sons, Inc.

radially converging stream lines. At higher shear rates (above 45 per seconds), a secondary angular flow began at the entrance, and the extrudate began emerging as a
helix. Increasing the flow rate caused a violent tornado-like flow in the entrance; the
extrudate became more distorted.

230

Polyolefin Fibres

1.8
5-HDPE
PP

1.7
1.6

B

1.5
1.4
1.3
1.2
1.1
10

100
L/D

1000

Figure 7.46 Die swell (B) as a function of take-up velocity for HDPE and PP [68].
Reprinted with permission from John Wiley & Sons, Inc.
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Figure 7.47 Effect of capillary entrance angle on die swell for PP [72].
Reprinted with permission from John Wiley & Sons, Inc.
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7.3.15 Instabilities in fibre spinning
In general, the rate of production in many polymer processing operations is limited
by the onset of instabilities. In melt spinning there are two major types of instabilities [70]. The first type is called spinnability and refers to the ability of a polymer
melt to be transformed into long fibres (i.e., to be drawn to large elongations) without breaking because of either capillary waves and necking (ductile) or cohesive
(brittle) fracture. The spinnability is due to the free boundary flow between spinneret and the take-up roll. The second type is called draw resonance, and it appears
as a periodic fluctuation in the take-up cross sectional area. Besides these two types
of instability specific to melt spinning, typical instabilities associated with flow
through dies usually referred to as melt fracture are also present.
Brittle fracture refers to the situation of the tensile stress, τ zz, of a polymer
jet exceeding some critical value (tensile strength), τ  . This type of fracture is
possible in viscoelastic materials because these materials store some of the
deformational energy, whereas purely viscous materials dissipate all the deformational energy. Fig. 7.48 shows a schematic of a polymer filament failing because
of cohesive fracture. As the polymer fibre is being drawn, its tensile stress,
τ zz(z), and strength, τ  (z), increase with the axial distance z. At a certain axial
distance, z coh, both the tensile stress and strength are equal. Beyond that point,
the tensile stress exceeds the strength, and the material fails cohesively. For isothermal spinning of Newtonian fluids, the maximum length of a polymer fibre is
calculated as [70]

τ*( z)

τzz(z)

0

zcoh

Figure 7.48 Cohesive (brittle) fracture of a molten thread [70].
Reprinted with permission from John Wiley & Sons, Inc.
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(7.5)

where echo is the cohesive energy density of the material, β is the deformation gradient defined as d ln υ/dz, and E is the modulus of elasticity of the polymer.
The other mechanism responsible for instabilities during melt spinning is
referred to as capillary waves or Rayleigh instabilities. Depending on the velocity
of the polymer melt in the spinneret hole, three broad regimes can be distinguished:
(1) formation of droplets; (2) formation of a liquid jet sustaining waves at its interface, which finally disintegrates into droplets (see Fig. 7.49), and (3) complete
atomization. For polymer melts, the disintegration step can be described by the
following equation [70]:


Ca

Zcap
5 12d Ca1=2 1 3
(7.6)
Re
where Z coh is the maximum uninterrupted jet length, d is the diameter of the jet,
Ca (5υ2 dρ/γ) is the capillary number of the jet, and Re (5υ dρ/η) is the jet
Reynolds number.
Fig. 7.50 shows diagrammatically the space of all possible conditions of material
properties and spinning characteristics. This space is further divided into the various
regions of: spinnability S, hydrodynamic stability H, cohesive fracture F, capillary
breakup C, and hydrodynamic instability x 2 H. A system is called hydrodynamically stable if an imposed small perturbation decays with time to either zero or
some steady value. The cohesive fracture region F is included into the

R (z)

δ(z )
0

z *cap

z

Figure 7.49 Breakup of a molten thread due to capillary wave instability [70].
Reprinted with permission from John Wiley & Sons, Inc.
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Figure 7.50 Space of all possible melt-spinning conditions, including regions of:
hydrodynamic stability H, cohesive fracture F, capillary breakup C, spinnability S, and
hydrodynamic instability x-H [63].
Reprinted with permission from John Wiley & Sons, Inc.

hydrodynamic stability region. Finally, spinnability region S consists of the part of
region H where no cohesive fracture takes place and the part of the x 2 H region
where the growth is too slow to cause breakage.
The various melt spun materials can be divided into three groups [70]: (1) metals
and glasses; (2) linear polycondensates (polyesters and polyamides) with relatively
low molecular weights (from 10,000 to 30,000); and (3) linear polyolefins and vinyl
polymers (PE, PP, PVC, etc.) with relatively high molecular weight (from 50,000 to
1,000,000). The basic differences between these groups are:
1. Metals and glasses are primarily Newtonian fluids with high surface tension (from 100 to
500 mN/m) and thus a high probability of capillary breakup.
2. Linear polycondensates are also primarily Newtonian (or slightly viscoelastic with
short relaxation times) with low shear viscosity (about 100 Pa  s) and high spinnability. The die swell is obviously low (about 11.5) and cohesive fracture is not
usually a problem.
3. Linear polyolefins and vinyl polymers include melts with high shear viscosity (higher
than 1000 Pa  s), with strong viscoelastic behavior, and long relaxation times. Usually, the
spinning velocities of polyolefins are lower than those of polycondensates because of
cohesive fracture. Die swell is also pronounced in these melts.
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7.3.15.1 Melt fracture
Bartos [71] showed for different PP that the critical wall shear stress for melt fracture changed from 8.9 3 105 to 16 3 105 dynes/cm2. Vinogradov [73] found for PP
with MFIs from 1.17 to 30.5 critical shear stresses increased from 3 3 105 to
9.75 3 105 dynes/cm2.

7.3.15.2 Draw resonance
Draw resonance is a periodic variation in the diameter of a spinning threadline
above a critical drawdown ratio. It is another problem that seems to have the same
degree of confusion and attraction [74]. This instability should not be confused
with the spinnability, as it has nothing to do with breakup of the filament and two
factors elasticity and nonisothermal conditions of spinning reduce its effect [59].
Kase [75] found draw resonance never occurs in air quenching spinning of polyester, PP, and nylon fibres. Minoshima et al. [67] studied draw resonance for samples
in Table 7.5 under isothermal and nonisothermal conditions followed by water
quench. They found during string up that specially for broader molecular weight
distribution samples, should pull very carefully to avoid ductile failure, which
occurred somewhere between the die swell region and the middle of the spinline.
Table 7.5 shows that critical ratio is higher for the narrow molecular weight distribution samples and under nonisothermal conditions. One of the fluctuations is
random and the other one is periodic with larger amplitude.
Matsumoto and Bogue [76] found that L/D spinneret hole has effect on draw resonance. White and Ide [77] with other researchers stated that draw resonance is a
continuous form of ductile failure found in simple elongation of certain melts.

7.3.16 Take-up speed
The take-up speed is generally the most important process variable. Fig. 7.51 shows
that by increasing the take-up speed for constant mass throughput crystallinity, as
measured by density, and molecular orientation, as measured by birefringence,
increased. By increasing take-up speed, in spite of the increase in cooling rate which
Table 7.5

Critical drawdown ratio for PP [65]

Sample

Mw 3 1025

Mw/Mn

Isothermal critical
drawdown ratio

Nonisothermal critical
drawdown ratio

PP-H-N
PP-H-R-B
PP-M-N
PP-M-B
PP-L-N
PP-L-R-N

2.84
3.03
2.32
2.68
1.79
2.02

6.4
9
4.7
9
4.6
6.7

7
3.6
7.7
4.3

22
10
19
9
23
19

Reprinted with permission from John Wiley & Sons, Inc.
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Figure 7.51 Influence of spinning speed and extrusion temperature on (A) the density, (B)
the birefringence of melt spun iPP filaments [78].
Reprinted with permission from The Society of Fiber Science & Technology.

should suppress crystallinity, the spinline stress increases and leads to increasing in
crystallinity and molecular orientation. On line measurements of temperature, birefringence and X-ray diffraction show that crystallization begins at higher temperatures in the spinline with higher stress at similar cooling rate. This is evidence for
stress-induced crystallization due to stress and molecular orientation [6,7].
Lu and coworkers [79] showed that the crystal structure of melt spun iPP is most
often the α-monoclinic form. However, the fibre is quenched rapidly or the stress
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Changes of specific POY-PP yarn properties before and
after draw texturing [58] (m increase), (k decrease), (5stay the
same)

Table 7.6

Take-up speed

m/min

1500

2500

3500

4500

Tenacity
Max. crimp
Twist level
Density and melt enthalpy
After draw texturing
Max. Tenacity
DR
Breaking elongation
Density
Birefringence
Crimp
Max. crimp stability
Yarn tension behind spindle

cN/dtex
%
t/m

m
m
m
m

m
m
m
m

3.1 (max)
m
m
m

k
k
m
m

cN/dtex
1
%

k
2.6
k
5
5
m
5
k

k
1.8
k
5
5
m
5
k

k
1.4
k
 0.9
 3 3 1024
m
94
 30

k
1.25
k

m
k



%
cN

Reprinted with permission from Hanser Publisher.

in the spinline is low, as for the lower spinning speeds smectic structure is formed.
The smectic structure is not stable and transforms to the monoclinic form when
annealed above 70 C.
Table 7.6 shows the changes of physical properties of POY—PP yarn by changing take-up speed.

7.3.17 Extrusion temperature
Fig. 7.51 also shows that by increasing the extrusion temperature, the elongational
viscosity in the upper part of the spinline decreases, so spinline stress, crystallinity,
and molecular orientation are reduced. Therefore, the effect of spinning speed overrides the effect of extrusion temperature on crystallinity and orientation.

7.3.18 Mass throughput
Increasing mass throughput per spinneret hole at constant take-up speed produces larger
filament diameter and lowers the stress in the spinline, which can decrease molecular
orientation and stress-induced crystallization. It also reduces the cooling rate and it can
increase crystallinity and density due to more available time for crystallization. The
final crystallinity results from a balance between spinline stress and cooling process,
which depends on the characteristics of polymer and nature of cooling process.

7.3.19 Cooling conditions
In the quenching process, filaments are cooled from melt temperature to a temperature below the glass transition temperature. A quench system (Fig. 7.52) design
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Figure 7.52 Quenching systems by Fourne [58].
Reprinted with permission from Hanser Publisher.
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depends on type of fibre, spinneret shape and size, the number of filaments, spin
beam configuration, and the compactness of spinning system [58]. Major systems
include:
1.
2.
3.
4.

cross-flow quench cabinet,
outside to inside (inflow),
the inside to outside (outflow),
slit quench chamber.

By increasing cooling rate of the filaments (decreasing cooling air temperature
or increasing volume of air blown across), solidification point in the filament moves
closer to the spinneret. So, spinline stress increases, because the filament must
reach to the final diameter at shorter distance to the spinneret. Thus, molecular orientation increases. Crystallinity can decrease due to faster cooling rate and it
increases due to increasing spinline stress.

7.3.19.1 Long air-quench melt spinning
Long air-quench system used for take-up speeds from 300 to 4000 m/min and filament freefall length from 3 to 10 m. The long length for quenching is needed
for high-speed spinning. Denier of individual filament is from 2 to 25 and total
denier from 75 to several thousands. It can be also used for producing staple
fibres [80].
The melt spinning of PP begins at the hopper of an extruder, where PP or uniform blend of PP with additives or pigments (volumetrically or gravimetrically proportioned mixture) is fed to the throat of the extruder. PP is hydrophobic (moisture
regain around 0.04%) and it does not need drying. It also does not need nitrogen
blanketing of the extruder hopper. The PP is melted and conveyed through the oil
or electrically heated extruder (usually single screw). The ratio of length to diameter of screw (L/D) for PP is at least 24. Some manufacturers of extruders make a
mixing zone at the end of screw. Some extruders have static mixers [80].
The filtration is normally supplied immediately downstream from the extruder.
The filtration can range from a coarse single screen supported by breaker plate to a
very fine nonwoven metal filter contained in a separate housing that allows the filter to be changed without interruption of the process. The choice of filter depends
on the process, the feed polymer, and the product [80].
After the melt leaves the filter, it travels through the transfer lines or spin manifold to the metering pumps. One extruder can feed several metering pumps. The
transfer lines should be designed (usually in a “Christmas tree” pattern) so that the
polymer entering each metering pump has the same heat history and residence time
and also pressure drop through them is not excessive. The system housing the transfer lines, metering pumps, etc. is called a pumpblock or spin beam [74].
The metering pumps are essentially positive-displacement precision-made gear
pumps. The melt from extruder will be delivered for each threadline and so that the
threadline denier will not vary with time. Modern pressure feedback controlled extruders are not suitable for melt spinning of filaments without metering pump [80].
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After leaving the metering pump, the melt travels through short transfer lines
into the spin pack. Manufacturers have their own specific design. In some spinning
machines, for convenience of installation, bottom-loading packs replaced by toploading packs. Good pack design assures that the melt inside the pack flows in a
symmetrical manner with respect to the spinneret. The filter, the breaker plate, and
the spinneret are in the lower portion of the pack. These components along with the
metering pumps are the heart of the melt-spinning process. The filter on the breaker
plate may be composed from woven wire, nonwoven wire, sintered metal, and/or
sand. The breaker plate has big holes and thick enough to withstand the pressure
drop developed through the filter. There must be a gap between the breaker plate
and the back of the spinneret. This assures that the pressure drop along melt stream
lines from the bottom of the breaker plate to the entrances of spinneret orifices is
negligible in comparison with the pressure drop through the spinneret orifices. The
spinneret orifices shape at exit show the shape of cross section of fibres. It can be
round, triangular, trilobal, and octalobal for luster and fibre feel characteristics.
The face of spinneret is generally coated with a silicone spray to aid in the prevention of polymer adhesion to the spinneret. Diameters of spinneret holes are usually
200400 μm and L/D is normally 25. Large values of L/D are expensive to make
and give high-pressure drop. The entrance angle to the round orifices is usually
40 90 [80].
After melt exit the spinneret capillaries first enter into the quench cabinet with
usually 12 m length. Further cooling takes place in the quench stack between the
cabinet and the point of finish application. The temperature of filament emerging
from spinneret orifices is from 70 to 170 C above the melting point (165 C) of PP.
The difference between melting and spinning temperature for PP is much higher
than polyester and nylon [80].
Quench cabinet needs an aerodynamic consideration. The cross-velocity of air is
usually higher near the spinneret. Turbulence or unstable flows can cause nonuniformity in filament. In many machines for producing filaments, the spin pack and
spinneret are round and maximum diameter of spinneret is limited, because with
too large diameter the quenching interior filaments and the filaments downstream
of the cross-flow is inadequate. For improving uniform quenching of large numbers
of filaments from circular spinneret, quench air blows radially outward from an air
source placed on the spinneret axis. Also, some manufacturers used rectangular
packs for producing large number of filament [80].
The filaments after exiting from quench cabinet contacted with spin finish oil
serve as an antistatic agent and a lubricant. The spin finish oil is applied by contacting the filaments to a rotating roll partially immersed in spin finish oil bath or by
metering it onto the running threadline with precision gear pumps. The spin finish
oil usually made up as an aqueous emulsion 0.5%1.5%. The spin finish oil must
remain colorless on the filaments and be heat stable. In addition to the functional
ingredients, emulsifiers and antibacterial agents are always present in a finish
makeup [80]. Finish application may be considered to be the last operation in the
spinning process, and after this step the yarn processing can be varied widely,
depending on the application of the yarn. It can be drawn to flat yarn, may be
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draw-textured, or for high denier yarns may be drawn and jet-bulked (BCF) for use
in carpets. The mentioned process can do in continuous operation.
The staple fibres are normally spun as CFs, and the fibres from a number of
spinnerets are all combined into a large tow then the n draws on a horizontal line.

7.3.19.2 Short air-quench melt spinning
The purpose of design short air-quench system for PP is to save building space and
reduce labor costs, but the spinning speeds are drastically reduced to 150 m/min.
To make up for the loss in production due to lower spinning speeds, spinnerets with
thousands of orifices must be used. This system designed for producing staple fibres
(3100 denier), but some manufacturers suggested it for producing textured
or bulked filaments also. To further save space, some machines are designed in a
horizontal or vertical upward direction [80].

7.3.19.3 Water quench melt spinning
Producing high denier monofilaments (larger than 100 denier) need water quench
process, because of the inherent limitation of forced convective heat transfer with
gases. Sometimes if the uniformity is not critical, metering pump is not used in
the process. The filaments after exiting the spinneret pass through water quench
bath for a proper distance by using guides. Under certain conditions difference in
crystalline order of PP filaments is obtained. In air-quench system, filaments with
a crystallinity of around 55% are obtained and the crystals are normally in the
monoclinic α form, and distributed throughout the filaments as lamellae. In rapidly cooling water quench process, a less-ordered smectic or paracrystalline structure may be produced with fibrillar morphology [74]. The process of drawing
monofilaments is very similar for staple fibres. Two stages drawing with total DR
6:1 is common [80].

7.3.20 Length of spinline
We need enough spinline length to solidify polymer before contacting by guides or
rollers. In other hand longer spinline increases the gravitational contribution and
leads to increase the spinline stress. However, for fine filaments the spinline length
has relatively little effect on the structure and properties of filaments, due to low
effect of Fgrav on Frheo.

7.3.21 Filament shape
The shape of spinneret hole and filament has effect on heat transfer between filament and air surroundings. Similar to cooling rate with increasing surface area, heat
transfer increases and leads to faster crystallization.
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7.3.22 Material variables
7.3.22.1 Molecular weight
Molecular weight and its distribution strongly affect the spinnability of polymers.
The maximum take-up speed without instabilities is a criterion for spinnability, but
spinnability increases for narrow molecular distribution. The spinline shows
instabilities at low molecular weight due to low melt strength. For high molecular
weight polymer, melt fracture and spinline breaking arise due to the high stresses in
the spinneret capillaries and in the spinline.
Some information about molecular weight of PP for producing fibres is as
follows:
G

G

Average molecular weight Mn—for spin qualities between # 100,000 and 300,000 or as
average weight Mw . Mn.
Mw/Mn—for the Gauss distribution is 2, but for commercial products is between 3 and 10,
usually around 5.

The constants in the Mark-Houwink equation a is around 0.8 and K 5
(0.81.1) 3 1024 depending on solvent and temperature.
Fig. 7.53 shows relationship between the intrinsic viscosity and the melt flow
index [58].
Molecular weight and its distribution affect crystallinity and orientation of
molecular chains. Table 7.7 shows the characteristics of three iPP samples used in
Fig. 7.54 [56].
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Figure 7.53 Approximate relation between MFI, intrinsic viscosity ([η]), melt temperature
(300 C), and melt viscosity [58].
Reprinted with permission from Hanser Publisher.

Table 7.7

Characteristics of iPP samples used for Fig. 7.54 [56]

Code name

MFI

Intrinsic
viscosity (dL/g)

Mw (by GPC)

Polydispersity (Mw/Mn)

E-012
E-035
E-300

12
35
300

1.51
1.21
0.93

238,000
170,400
124,400

4.76
2.16
2.85

Reprinted with permission from John Wiley & Sons, Inc.
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Figure 7.54 Influence of molecular weight and its distribution iPP on (A) density, (B)
birefringence of as-spun iPP filaments [56].
Reprinted with permission from John Wiley & Sons, Inc., New York.
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Fig. 7.54A shows that the density increases with increasing molecular weight at
specific take-up speed. Because higher molecular weight produces higher spinline
stress and molecular orientation in the melt, which can lead to increasing crystallization rate at shorter distance to spinneret and at higher temperatures. Broader
molecular distribution (same MFI) makes higher crystallinity at the same take-up
speed. At broader molecular weight distribution, stress-induced crystallization is
more receptive, because of row nuclei [82]. For example, sample E-102 with broad
distribution, density is constant with increasing take-up speed.
As shown in Fig. 7.54B, orientation increases with an increasing molecular
weight. It is interesting that for the sample with broad distribution in spite of higher
molecular weight, orientation does not increase beyond 2000 m/min. This is due to
bimodal orientation of polymer chains in broad distribution of the polymer [79, 81].

7.3.22.2 Percent isotacticity
The crystallization rate and crystallinity of iPP generally decrease with decreasing
isotacticity. By decreasing isotacticity, crystallization starts at farther distance from
spinneret and lower temperature [83]. As Fig. 7.55 shows, the filaments have lower
density, but molecular orientation is mostly unaffected (the characteristics of samples in Fig. 7.55 are given in Table 7.8).

7.3.22.3 Polypropylene/ethylene copolymer
The crystallinity decreases by adding ethylene units for producing random copolymer, because of stereo defects. Fig. 7.55 shows also effect of ethylene copolymer
content.

7.3.22.4 Nucleating agent additions
The addition of nucleating agents increases the crystallization temperature and the
crystallinity considerably for quiescent crystallized iPPs [65]. However, the effect
of nucleating agents is more pronounced at low-speed spinning (low spinline stress)
and their effect at high-speed spinning or high spinline stress is smaller. Fig. 7.55
shows that nucleating agents tend to decrease molecular orientation, because crystallization occurs at higher temperature and near to spinneret.

7.3.22.5 Tensile properties of melt spun iPP filaments
The overall molecular orientation (measured by birefringence) increases by
increasing spinline stress. The tensile strength of iPP fibres most strongly contributes with amorphous orientation. Because tie molecules connect the crystals and
they allow stress transfer between crystals. The crystallinity alone is a poor indicator of mechanical properties. Fig. 7.56 shows the strong correlation between
tensile strength and birefringence. An increase in the overall orientation in the
filaments also increases the tensile strength. The elongation at break has inverse
dependence on molecular orientation. Elastic modulus increases with molecular
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Figure 7.55 Influence of several polymer variables on (A) density, (B) birefringence of
as-spun iPP filaments with similar molecular weight and polydispersity [83].
Reprinted with permission from John Wiley & Sons, Inc.

orientation and it is also a function of crystallinity. Therefore, the modulus of
ethylene copolymers is substantially lower than the homopolymers produced at
similar spinning conditions, even though their tensile strengths are equal or
slightly higher. On the other hand, adding nucleating agents may lead to lower
modulus because of lower molecular orientation, in spite of higher degree of
crystallinity.
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Characteristics of iPP samples used for Fig. 7.55 [83]

Code name

MFI

% Ethylene
(by FTIR)

Isotacticity
(%)

Mw (by GPC)

Polydispersity
(Mw/Mn)

HT-PP
MT-PP
LT-PP
1.5% RCP
3% RCP
5% RCP
1% NA-PP
3% RCP
1% NA

36
34.2
37
35
35.4
31
35
36

0
0
0
1.4
3
4.9
0
2.6

99
93
91
96
94
92

131,000
143,800
134,800
158,600
142,200
150,100

2.22
2.38
2.36
3.22
2.31
2.26

94

144,400

2.13

Note: HT-PP is high-tacticity (99%) polymer; MT-PP is medium-tacticity (93%) polymer; LT is low-tacticity (91%)
polymer; RCP is random PP copolymer; NA is nucleating agent.
Reprinted with permission from Wiley, New York.
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Figure 7.56 Correlation of as-spun iPP filament tensile strength with birefringence for
different polymers [83].
Reprinted with permission from John Wiley & Sons, Inc.

7.3.23 Fibres from film
Coarse fibres or fiberlike tapes can be produced from film. It is obviously that the
first step is producing film (sheet or blown film). The blown film process is not
widely used. It is more complex and produces less fibrillated film having more
ordered crystalline structure and lateral orientation. Sheet films are produced
from long, narrow slit dies attached to a single screw extruder. Metering pumps
are almost never used. Melt flow index of PP for producing these films is
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14 g/10 min. The film is normally quenched in a water bath or may be on chilled
rolls. Before drawing the film is pulled through a set of knives for slitting to the
desired width for drawing. The drawing and annealing are similar to staple fibres
and monofilament. The drawn film can be fibrillated with different processes.

7.4

Melt spinning of PE

The three known PE types are HDPE, LLDPE, and LDPE. Fig. 7.57 shows the
chain structure of these types of PE.
HDPE and especially LLDPE are used for spinning from melt to textile and
technical filaments, while ultra-high molecular weight PE can be spun by gel spinning to produce super high tenacity fibres [58].
PE similar to PP has no dyeability due to high crystallinity and absence of
hydrophilic groups, so for colored PE fibres, pigments must be added prior to the
filament extrusion.
The screw of extruders for producing fibres has L/D B2530 and compression
ratio 1:2.54 depends on diameter of screw. Melt extrusion temperature for
LLDPE is 135145 C and for HDPE is 170190 C.
Dees and Spruiell [82] studied structure development of linear PE during meltspinning process and its relation to the properties of both as-spun and drawn fibres.
They measured diameter, crystallinity, crystalline orientation, birefringence, velocity,
and surface temperature of fibres as a function of distance from spinneret at different

(A)

(B)

(C)

Figure 7.57 Chain structure of three types of PE: (A) HDPE-linear molecules, ca. 410
short side branches per 1000 C-atoms, (B) LLDPE, linear molecules, ca. 1035 short side
branches per 1000 C-atoms, and (C) LDPE-long-chain branches.
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take-up speed in the ranger of 50556 m/min. Table 7.9 shows the spinning conditions of PE samples. Crystallization begins at the point where the melt stresses are
highest. This point is near the peak in the curve of velocity gradient versus distance
from spinneret. Diameters of fibre after die swell decrease and reach a constant value
at take-up velocity (Fig. 7.58). Velocity is low in the die swell region and then
increases slowly in a short distance and then rapidly increases to the take-up speed
(Fig. 7.59).
Table 7.9

Spinning conditions of linear PE samples [82]

Sample

Mass flow rate (g/min)

Take-up speed (m/min)

Extrusion
temperature ( C)

PE03
PE01
PE02
PE06
PE07
PE04
PE09
PE05

1.93 6 0.03
1.93 6 0.03
1.93 6 0.03
1.93 6 0.03
1.93 6 0.03
1.93 6 0.03
0.71 6 0.02
4 6 0.03

50
100
200
400
556
50
200
100

205
205
205
209
210
180
207
182

Reprinted with permission from John Wiley & Sons, Inc.
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Figure 7.58 PE filament diameter versus distance from spinneret [82].
Reprinted with permission from John Wiley & Sons, Inc.
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Figure 7.59 Velocity (A) and velocity gradient (B) versus distance from spinneret [82].
Reprinted with permission from John Wiley & Sons, Inc.
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Fig. 7.60 shows that with increasing take-up speed cooling rate increases due to
increasing surface-to-volume ratio and higher linear velocity through the cooling
cabinet.
At low take-up speed, molecular orientation in the melt results fibril nuclei formation and row nucleation. At higher take-up speed, the lamellar structure make up
the row structure does not twist as much. Nadkarni and Schultz [84] by analysis of
WXRD data showed a typical b-axis radial orientation as the result of lamellas
growing in a direction perpendicular to the flow direction and twisting about the
growth axis. The stress level and stretch rate can influence the orientation of the
transversely growing lamellas by limiting the amount of lamellar twist and extent
of divergence from the radial plane perpendicular to the fibre axis available to them
(Fig. 7.61).
Sampers and Leblans [85] compared isothermal spinning of LDPE with isothermal creep under a constant force. Although the same stress was applied in both
measurements, there was a huge difference in the stretch ratio versus time curves. It
means a great effect of flow before and in capillary on rheological behavior of melt
spun fibre.
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Figure 7.60 Fibre surface temperature versus distance from spinneret [82].
Reprinted with permission from John Wiley & Sons, Inc.
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(A)

(B)

Figure 7.61 Row-nucleated microstructure in spun PE fibres: (A) at low stretch rate and (b)
at high stretch rate [84].
Reprinted with permission from John Wiley & Sons, Inc.

7.5

High performance-technical polypropylene fibres
and yarns

High performance PP fibres are extensively used in industry and many daily applications such as sport and specialty fabrics, cords, packaging, ropes [2], geotextiles,
automotives, etc. So far considerable research has been performed to improve
mechanical properties of PP fibres by utilizing melt spinning, wet, dry, and gelspinning techniques. Understanding the mechanism of single crystal growth, degree
of molecular orientation in amorphous regions, and the formation of crystallization
precursor is very essential for the production of these fibres with the wide range of
properties [86].
The theoretical strength and the modulus for PP are 3.9 and 3542 GPa, respectively [87]. However, commercial textiles PP fibres have much lower tenacity in
the range from 4.5 to 6 g/d. Technical fibres with the highest tenacity value around
9 g/d must be drawn with complex production lines and/or by using chemical treatments during the manufacturing process. These facts clearly document that there is
still a big gap between theoretical and mechanical properties of PP fibres attainable
by using the current spinning technologies. Our NCSU research team took this as a
challenging opportunity to develop new sophisticated horizontal isothermal bath
(hIB) processes (Fig. 7.62) [86].
A detailed experimental study has been conducted to investigate the effects of
hIB on the production of ultra-high performance as-spun and drawn PP filaments.
Even though there are many published studies regarding the effect of the liquid isothermal bath on as-spun and drawn polyester fibres properties, in this study, the
effect of liquid on structural development of PP fibres was investigated for the first
time. Two different commercial fibre-forming PP polymers were used with the melt
flow rate of 4.1 and 36 g/10 min. [86]. The results indicated that the optimum process condition depended on molecular weight of polymer. Interestingly, the fibres
showed different precursor morphology for different molecular weight at each
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Figure 7.62 Schematic of hIB spinning process [86].

optimum process condition. However, these two sets of filaments demonstrated
similar fibre tenacity and modulus of about 7 and 75 g/d, respectively, for as-spun
and more than 12 g/d for tenacity and more than 190 g/d for modulus values of
drawn fibres after just 1.49 DR. The mean value for the modulus after the drawing
process for the high melt flow rate was about 196 g/d. The modulus of our PP fibres
is close to the theoretical value of 275330 g/d (3542 GPa). Moreover, ultra-high
performance fibres demonstrated greatly improved thermal properties, degree of
crystallinity, crystalline and amorphous orientation factors, and the formation of
fibrillar structures. The hIB spinning system was found to play an important role to
obtain highly oriented and predominantly amorphous structure for as-spun fibres
and a well-defined, highly oriented crystalline fibrillar and amorphous structure
after drawing process with the DR lower than 1.5.
It is known that the linear chains can be highly oriented in the fibres and yield a
higher degree of crystallinity and a unique microstructure. The stereoregular placement of pendant methyl groups in iPP causes the facile packing and crystallization.
However, the atactic PP chains with their random distribution of methyl substituents
cannot pack tightly and crystallize. In addition, the random alignment and orientation for semicrystalline polymers lead to insufficient and lower strength and modulus values. iPP shows a variety of crystalline forms, which are monoclinic
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α-crystallites, hexagonal β-structures, orthorhombic γ-polymorphs, and “smectic”
meso-phase [88]. These different types of crystalline structures can be observed at
different process conditions with each type having unique characteristics.
The as-spun PP filament is considered as a semicrystalline fibre in which crystals
are dispersed in an amorphous matrix. The traditional melt-spinning technology is
widely accepted and used by industry because it is simple, and do not require any
mass transfer or adding chemical complexities. The crystallization and orientation
for crystals and amorphous regions mainly depend on molecular weight, molecular
weight distribution, take-up velocity, melt temperature, drawing temperature, and
ratios. However, in the melt spinning and drawing process the crystallization is limited by the poor mobility of polymer chains in the solid state with the lower degree
of molecular orientation. Hence, fibres may lack desired properties. Microfibrils
consist of alternating folded-chain lamellae and amorphous regions between these
lamellae, which make continuous structure within conventional fibres. Tie molecules connect these lamellae in the longitudinal direction which mainly affect fibres
modulus and strength.
Numerous studies showed that there is a strong relationship between the structural development and spinning conditions of the melt-spinning process. For example, (1) increasing the cooling rate and rapid quenching for extruding fibres and
then drawing at slow rates with high DRs or (2) slow two-stage drawing process
are two important methods of manufacturing high performance fibres [89]. Sheehan
and Cole [88] used water for quenching with a lower take-up speed to obtain paracrystalline structure, hence the fibres drawn more easily than the fibres having
well-developed crystalline structure. After drawing at 130135 C in oven with 35
DRs, the filaments showed than tenacity value of 13 g/d.
Taylor and Clark [90] proposed production of “superdrawn” PP filaments in
two-step discontinuous process at elevated temperatures. The optimum draw temperature was determined as 130 C and the fibres were drawn 10 to 1 mm/min to
obtain very high DRs of more than 25 3 by two-stage tensile drawing. The resulting fibres showed higher number of tie molecules by forming unfolding of chains.
At a very high DR spherulite deformation is divided into two stages: (1) lamellar
slip leading to c-axis orientation until obtaining fully oriented structure and (2) the
additional extension causes a new type of deformation mechanism, which is called
crystal cleavage that leads the formation of the fibrillar structure [91].
To obtain the nearest possible performance to the theoretical values of the
tenacity and elastic modulus, researchers have been working on various deformation methods to increase the orientation in amorphous regions and crystallinity
percentage. A zone-drawing and zone-annealing method [87,92], continuous
vibrating zone-drawing [93], constant load oven drawing [88,94], die drawing
[87,95,96], hot nip drawing [97], gel-spinning technique [98,99], adding reinforcing agents [101] are some important techniques to improve mechanical properties and dimensional stabilities of PP fibres. On the other hand, many of these
methods have not been commercialized because they have some disadvantages.
For instance, these methods, in general, need larger production areas, require
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waste recovery system, high energy consumption, and the use of solvents. The
techniques can be discontinuous and quite expensive. Moreover the control of filament cross-section, higher amount of waste, very low production rate, and the
issue of giving harm to the environment and human health are some other important concerns. In summary, it is important to point out that the hIB NCSU process
[86] has the great potential for development high performance-technical yarns for
various commercial applications.

7.6

Other production methods for polyolefins

The most important processing technique for polyolefins is “extrusion,” which can
create a variety of products from processes like fibre spinning, film casting, film
blowing, injection molding, blow molding, profile forming, and extrusion coating.
Rotational molding is another important fabrication method for polyolefins. The
extrusion process melts, homogenizes, and finally transports the molten resin to be
converted into the desired product [102]. Unlike fibre spinning and film casting,
there are some processes in which a discrete mass of polymer is heated either above
its melting temperature (in case of semicrystalline polymers) or above its glass
transition temperature (in case of amorphous polymer) and is then forced through a
cavity or mold by applying pressure and set in a particular shape after cooling.
Some examples of these processes include injection molding, compression molding,
thermoforming, blow molding, and rotational molding [103]. Some of the abovementioned fabrication processes would be discussed here in detail.

7.6.1 Films
7.6.1.1 Flat films
The term film is generally used for products having thicknesses ,250 μm and
having a large aspect ratio (length to thickness) of about 1000. Products of higher
thicknesses are referred to as sheets. Flat films are generally used in the packaging
industry for foodstuffs and other consumer products. The production process for
flat films goes through the steps of extrusion, casting into films and finally stabilization. Polyolefin flat films are generally produced on chrome-plated chill rolls.
Once the film is extruded, it can be casted either by freezing on contact with a
chill roll or by submerging in a water bath [103]. The film is pressed against the
chill roll by an air knife as it comes down. As the film passes around the roller, it
crystallizes and is then stretched between the chill roll and the take-up roll. Film
thickness is controlled by the extruder output; die gap and the amount of stretch
applied during take up. During casting edge beads or thick edges generally get
formed and can be removed by trimming them off. These edges cause problems in
further processing such as winding. Fig. 7.63 shows the schematic for the casting
equipment [102].
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Figure 7.63 Basic setup for the chill roll casting equipment [102].
Reprinted with permission from John Wiley & Sons, Inc., New York.

Once the film is casted, it is then stretched to impart orientation and improved
mechanical properties. There are two directions in which the film can be stretched;
one is machine direction (MD) and the other is transverse direction (TD). In the
industry the stretching process is carried out on a device called “stender” or a “tender,” which grips the film on the edges and stretches it in the required direction or
directions as it moves forward. The temperature of stretching is kept above the
glass transition and below the temperature of maximum crystallization rate [103].
For producing flat films, the resin used is generally of a lower molecular
weight compared to the one used for making blown films. Flat films are usually
uniaxially oriented compared to biaxial orientation in tubular films. Properties of
the film depend on the resin’s characteristics and processing conditions. The
most common application of PE films and in general polyolefin films is packaging and depending on the particular area of use different kinds of films varying
in density, strength to weight ratio, toughness, flexibility, barrier properties are
made. Some examples include: trash bags, merchandise bags, grocery sacks,
bread bags, freezer bags, stretch wrap (cling) films, and moisture barrier in walls
and floors. Sheetings of nominal thickness around 300 μm are produced by chill
roll casting and are typically used as geomembranes for lining and covering landfill sites [102].
High-quality and excellent clarity PP films are made from the chill roll casting
method. Applications for these films include packaging, bags for textiles, wrapping
for collectibles, and hard candy twist wrap. Film thicknesses vary from 25 to
100 μm. Another process used to make biaxially oriented films is the tenter process.
The film is first drawn in the MD and then subsequently in the TD [58].
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7.6.1.2 Tubular films
A tubular polymer film or blown film can be extruded from an annular die and the
moving film can be simultaneously inflated and stretched biaxially by the air stream
coming from the inside the die. Air flowing toward the outside surface by an air
ring cools the tube, which results in crystallization and solidification. The tube is
then flattened by a set of nip rollers and wound onto a take-up roller. Biaxial orientation results in similar mechanical properties in both the directions. The two
important parameters are the “blow ratio” (stretch in TD) and the “drawdown ratio”
(stretch in MD). The blow ratio is defined as the ratio of the final to the initial tube
radius and the drawdown ratio as the ratio of the take-up speed to the extrusion
speed [103].
The final film thickness is of the order of 50 μm and is controlled by extruder
output rate, die gap, blow ratio, and take-up rate. Typical applications include garbage bags, greenhouse films, lawn and garden bags, and chemical packaging. This
process is extensively used for the production of blown films of low density
(LDPE), high density (HDPE) PE and PP [102]. Fig. 7.64 shows the basic equipment for the film blowing process [102].
As mentioned earlier also, properties of the film depend on the resin’s characteristics and processing conditions. Some of the important properties of PE blown
films and in general for other blown films as well are tensile and tear strengths in
both the directions (MD and TD), puncture resistance, and impact resistance.
Blown films can be used in all the applications sited above for chill roll cast films.
Some differences arise due to the presence of biaxial orientation in blown films
compared to uniaxial orientation in cast films. For example, LDPE and HDPE films
are used in high altitude scientific balloons and shrink wrap films that require good
heat sealability and biaxial shrinkage [102].
PP blown films are produced by what is called a tubular process. In this process
a thick tube of the polymer is extruded and cooled to solidify. The tube is then
reheated and then oriented by inflating it. Alternatively, water quenched blown
films can also be made where the cooling and solidification process takes place
using a cooling water ring outside the blown film. PP blown films with excellent
clarity and gloss are made by this process, however, removing the water can be difficult and hence a disadvantage [58].

7.6.2 Injection molding
Injection molding is the most widely used cyclic processes for manufacturing threedimensional parts from thermoplastic polymers like polyolefins. Some examples
include: toys, hardware, tubs, buckets, crates, pallets, and pails [102]. Injection
molding offers the advantages of performance, cost effectiveness, quick response to
ever changing consumer needs and appearance [58]. Fig. 7.65 shows a basic setup
for injection molding [103].
The molten polymer flows through the extruder and reaches the tip of the injection unit called nozzle where it is connected to the mold. The melt passes through
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Figure 7.64 Basic setup for the film blowing equipment [102].
Reprinted with permission from Marcel Dekker, Inc.

the nozzle, the sprue, and runner system, and then enters the mold cavity or multiple cavities through the gate where it solidifies. Once solidified, the mold is opened
and the molding is removed. The runner carries the melt to the mold cavity and the
gate acts as an entrance to the mold. The gate is generally made quite small in size
for cost reason and more importantly for easy separation of the solidified polymer
in the runner from the actual mold [103].
The injection molding machines are defined in terms of the maximum closing
force on the mold, which is an important parameter as it decides how much force
should be exerted to prevent the mold from opening after the hot resin is injected.
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Figure 7.65 Basic setup for the injection molding equipment [103].
Reprinted with permission from John Wiley & Sons, Inc., New York.

Hardened stainless steel is normally used for manufacturing these machines. When
hot polymer enters the mold, the air inside the mold cavity gets very heated and
can ruin the mold surface. To prevent this, vents are provided in the mold to let the
superheated air out. The polymer that runs through the runner to the mold cavities
remains cold and forms a solid sprue and has to be removed from the molding later
on, which leads to additional costs and work load. This can be avoided by using hot
runners where the polymer remains molten all the time and ensures more uniform
delivery; however, it leads to increased costs and complexity [103].
Injection-molded PE items are mostly used in applications like containers and
packaging. About 67% of all products are made from HDPE resin, 12% from lowdensity resin, and about 20% from linear low-density resin. The rest are made from
ethylene-vinyl acetate copolymer. Containers like crates, pallets, and pails are made
from high-density resin and are used to transport dairy and bakery products, pickles,
and paints. PE resins have low cost and high toughness, which makes them
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suitable for items such as trash cans, laundry baskets, and buckets among many more
[103]. In general all materials show some shrinkage upon cooling, but crystalline PP
shows higher shrinkage compared to some amorphous polymers like polystyrene and
acrylonitrile-butadiene-styrene. As a result, PP warps in large parts and forms sink
marks at thick sections. Injection molding can be done with almost all the major
plastics but PP offers the advantages of low material cost, ease of molding, and there
are a variety of different types of PP’s to choose from [58]. Another important
branch or division of injection molding is thin wall injection molding (TWIM). PP
has good stiffness, toughness, and appropriate rheological characteristics, which
makes it very suitable for TWIM. This process requires high injection rates and
machines require fast acting control systems. At very high injection rates and in thinner parts, PP shows much better moldability compared to HDPE. Typical applications include packaging like dairy containers, margarine tubs, and cups [58].

7.6.3 Blow molding
Blow molding is a conversion process used for producing hollow plastic items such
as bottles and containers. Traditionally, the main area of application for blow molding used to be packaging, but recently it has been used in the automotive industry
also for making parts like fuel tanks, bumpers, dashboards, and seatbacks. There
are two major versions of blow molding: extrusion blow molding (EBM) and injection blow molding (IBM). For polyolefin blow molding, extrusion is the one which
is predominantly used. As a first step in EBM, a preformed sample is prepared,
which is called a “parison” (when IBM is used, the preformed sample is called a
“perform”). The parison is continuously extruded from the die and is placed
between the two halves of a mold. The mold is closed sealing one end and using
air pressure the parison is inflated against the mold walls. Fig. 7.66 shows the schematic of the EBM process [103].
Inflation time is generally very short depending on the size of the part, while
cooling time is very long depending on the final temperature to be attained in
order to achieve the final stable shape of the article [103]. Factors affecting the
parison thickness are the die swell, parison drawdown under its own weight and
the final product shape. So thicker portions of the parison are blown more to a
higher diameter compared to the thinner ones. Layered products can also be made
by coextruding more than one resin in a concentric fashion to give combination of
different properties. Sagging under its own weight is a major consideration when
preparing large articles because continuously extruding the parison sufficiently
fast enough might not be possible. In such a situation the parison might rupture or
partially solidify before reaching the mold. In such cases machines generally have
an accumulator which stores the molten polymer, which expels the polymer rapidly from the die [103]. Compared to HDPE, conventional PP shows low melt
strength with excessive sag. Blow molded PP bottles generally have a barrier
layer to utilize the moisture barrier property of PP and protect the moisture sensitive barrier polymer [58].
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Figure 7.66 Basic setup for the blow molding equipment [103].
Reprinted with permission from John Wiley & Sons Inc., New York.

The principle of IBM is exactly the same as for EBM but uses a molded preform in place of the parison. IBM is used in situations where it is necessary to
avoid flash, weld lines, and material waste at the base of the container and also
when well-defined mouth and neck dimensions are needed in containers [103].
However, IBM is a complex and hence costlier process compared to EBM and
therefore, it is used for making reusable containers or products requiring higher
structural integrity [102]. During the process of inflating the parison, its ends are
constrained as it gets stretched along the diameter while the wall thickness continues to reduce. This primarily results in a planar extensional flow in the polymer
and the molded product has primary orientation in the circumferential direction
and hence shows mechanical anisotropy. Injection stretch blow molding is a process that can eliminate this problem by generating biaxial orientation and provide
better balance of mechanical properties [103]. Typical products made from blow
molding include: bottles (for milk, household chemicals, and cosmetic products),
tanks (storage tanks for industrial and agricultural chemicals, fuel tanks), transportation drums, and toys [102].
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7.6.4 Rotational molding
In this process the polymer is loaded into a cold mold, which is then moved in an
oven where it is heated and rotated simultaneously. Due to the rotation of the mold,
the polymer is thrown on the interior walls of the mold where it melts. After cooling the polymer solidifies and the molded product is removed. Fig. 7.67 shows the
schematic of the process [102].
The mold is generally heated to about 250 C and is rotated about two mutually
perpendicular axes. As the polymer keeps getting collected on the interior of the
mold, it melts and sticks to the surface. After sufficient time when a void free coating of the polymer is collected on the surface of the mold, it is cooled by blowing
air or spraying water. The mold is then opened and the product is removed. The
products of rotational molding are generally free from any kind of orientation.
However, there is a slight density gradient due to that fact the outer wall cools a

Cold mold

Oven
Resin

(A)

(B)
Water sprays

Finished
molding

(D)
(C)

Figure 7.67 Basic setup for the rotational molding equipment [102].
Reprinted with permission from Marcel Dekker, Inc.
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little faster compared to the inner wall. The mold is biaxially rotated inside the
oven, which offers the advantage of uniform heating of the mold. The machines
used for this process are not as sophisticated and expensive compared to the other
molding processes. However, the process is slow, labor intensive and gives low output rates because of this it is used to make products that do not have heavy
demands. Since high temperatures are applied for extended lengths of time so, the
polymer resins used in rotational molding are stabilized by additives. About 85% of
the products made from rotational molding are made of PE with linear low density
providing the major contribution. Typical products include medium to large hollow
items, such as chemical storage tanks, garbage containers, buoys, and kayaks [102].
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8.1

Introduction

Among all synthetic polymers, olefin polymers such as isotactic polypropylene (PP)
and polyethylene (PE) are the most popular thermoplastic polymers which are
widely applied in textiles, medical devices, food packaging, automobiles, and many
other products [1]. The unique characteristics of polyolefins such as superior chemical resistance and robust mechanical properties, as well as low costs, make them
the best candidates in single use healthcare products, medical textiles, and water filters. For example, PP has found applications in medical syringes, lab-ware applications, diagnostic devices, and Petri dishes [1]. These medical devices are usually
sterilized by using sterilizing agent of irradiation before use. Thus, resistance to various chemical agents as well as to UV and other irradiation sources is necessary for
medical devices. PP is the most popular polymer used in making materials for medical use such as nonwoven fabrics which are employed in liquid proofing disposable
surgical and isolation gowns, drapes, central supply room sterilization wraps, face
masks, and pharmaceutical filter media [2].
Most medical textiles and polymeric materials used in hospitals and hotels are
conductive to cross-transmission of diseases since most microorganisms can survive
on fibrous materials for several hours to several months [3,4]. Thus, polymeric surfaces and textile materials may be responsible for disease transmission and the
spread of new strains of diseases from hospitals to elsewhere. In the last two decades there has been a growing concern on the emerging super infections such as
methicillin-resistant Staphylococcus aureus (MRSA) and severe acute respiratory
syndrome (SARS) which can easily spread through physical contact and aerosol
transmission. Moreover, healthcare-associated infections (nosocomial effects) in
hospitals are increasing, causing about 2 million cases and ranking as the fourth
most common cause of death in the United States. This number accounts for up to
5% of hospitalized patients and results in $4.5 billion extra healthcare costs [5].
Use of medical devices with antimicrobial functions has been considered as a major
avenue to fight against the nosocomial effects.
In addition, food products undergo several physical, chemical, and microbial
changes during storage. The stability of foods is a function of changes occurring
in the food components, such as food proteins, lipids, carbohydrates, and water,
due to environmental and processing factors. The use of plastics in the packaging
of foods as a protective coating or barrier to contaminants not only retards
Polyolefin Fibres. DOI: http://dx.doi.org/10.1016/B978-0-08-101132-4.00008-4
Copyright © 2017 Elsevier Ltd. All rights reserved.
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unfavorable deterioration of food but may also enhance its quality [6].
Suitable packaging can slow the deterioration rate, and hence, extend the shelflife of food. Such approaches, designed to perform some desirable function other
than providing an inert barrier, have led to the concept of incorporating antimicrobial agents directly into package films, which is called active packaging. The
active packaging may delay or even prevent the growth of microorganisms on the
food surface and, hence, lead to an extension of the shelf-life and/or the improved
safety of the food product [7].

8.2

Antimicrobial functions

Antimicrobial function in general is the ability to inhibit growth of a broad spectrum of microbes such as bacteria, molds, fungi, viruses, and yeasts, which includes
antibacterial, antibiotic, germicide, antiviral, and antifungal or antimycotic functions. Antimicrobial agents have different activities which affect microorganisms
differently. Antimicrobial materials can be categorized into two groups, biocidal
and biostatic materials, according to their functions [8]. Biostatic functions refer to
inhibiting growth of microorganisms on materials, and biostatic agents inhibit further growth of microorganisms without completely killing them. As long as the
microorganism is exposed to the biostatic agent, the microorganism will not be able
to reproduce rapidly. Biostatic agents can prevent the materials from biodegradation. Biocidal materials are able to kill microorganisms completely, thus eliminating
their growth and possibly protecting users from biological contamination and transmission. If a biocidal agent cannot completely eradicate microorganisms because
there is a limited amount, then it will only provide a biostatic effect.
Antimicrobial functions of polymeric materials can be attained by physically or
chemically incorporating biocides into the polymers. In a physical method, the antimicrobial agent could be blended with, coated or sprayed on polymeric surfaces.
The physical processes are relatively simple, easy, and inexpensive to implement,
but are also limited in providing desired durability and stability. Chemical
approaches are able to incorporate durable and permanent antimicrobial functions
to polymers by covalently linking biocides to polymer backbones. This incorporation can be carried out by copolymerization or surface grafting polymerization of
biocidal structures to the polymers [9].
Antimicrobial materials usually consume biocides in the polymers or biocidal
structures on surfaces when providing the biocidal function. Generally speaking, to
provide antimicrobial functions for a certain period of time the materials should
release sufficient amount of biocides during this period. Thus, controlled release of
the biocides from the materials is a method of providing durable antimicrobial functions. In recent years, the authors’ research group has developed a regenerable process by incorporating precursor structures of biocides onto polymers and activating
the biocidal function using certain chemicals such as chlorine or oxygen bleaches
[1016]. Here, precursors or precursor structures of biocides are incorporated onto
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polymers with covalent bond connections. The precursor structures can be converted to biocidal sites after activation with chlorine or oxygen bleaches. The biocidal functions of the materials are regenerable after repeated usages, which is
particularly important and useful for textiles.
The antimicrobial agents include antibiotics, alcohol, formaldehyde, heavy metal
ions (silver, copper), cationic surfactants (quaternary ammonium salts with long
hydrocarbon chains), and phenols; the oxidizing agents include chlorine, chloramines, hydrogen peroxide, iodine, and ozone. These antimicrobial agents have different activities against microorganisms. Some antimicrobials, such as alcohols and
quaternary ammonium compounds, act directly on microbial cells to dissolve them.
Others may penetrate the cells and cause the release of amino acids, nuclear material, and other important chemical constituents. Some compounds penetrate microbial cell walls and inactivate essential membrane transport systems, so that the cells
can no longer obtain the nutrients necessary for them to survive and reproduce.
Others coagulate certain vital materials in cells, thereby destroying the microorganisms. A few agents disrupt the metabolism of the cells, so that they can no longer
assimilate nutrients; as a result, the cells starve and die. However, all of them have
limitations when applied onto polymeric materials such as textiles and consumer
products [8].

8.3

Antimicrobial polyolefins

Antimicrobial polyolefins have been extensively investigated and developed. Two
common processes of producing antimicrobial polyolefins are as follows: direct
incorporation of antimicrobial agents into polyolefins such as blending into polymers and coating or adsorbing antimicrobial agents onto polyolefin surfaces; and
chemical incorporation using copolymerization grafting to immobilize or impart
antimicrobial agents into or onto polyolefin by ionic or covalent linkages.
Physical incorporation of main additives such as quaternary ammonium salt,
inorganic metals, and inherently antimicrobial polymers has been widely presented.
Many antimicrobials are not easily incorporated into or not homogenously distributed in polyolefins [17]. The antimicrobial activity of polyolefins produced using
this method relies on a slow releasing mechanism. It means first, the biocides from
polymer body gradually migrate toward the surface and provide antimicrobial functions when they are in contact with germs. The rate of release and migration has a
direct effect on the antimicrobial efficacy. Too fast release produces short-term biocidal activity but poor durability. For instance, in the case of antimicrobial textiles,
laundering and cleaning are the common procedures in the maintenance of textile
materials. Therefore, washing durability is an extremely important property for antimicrobial textile products. So, enhanced interactions between biocides and fibres to
provide controlled release of the biocides are the key to sustain biocidal activities.
In addition, incorporation of excessive amount of biocides into textile materials
could also provide prolonged usage. However, the biocidal function eventually will
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be worn out without rejuvenation of the biocides. To prepare durable protective
antimicrobial polymers, regenerable biocides and novel approaches should be
explored.
In the following sections, antimicrobial polyolefins will be summarized based on
processes that were studied to incorporate biocides onto the polymers. These processes include blending, coating, and chemical modifications.

8.3.1 Blending biocides into polyolefins
8.3.1.1 Heavy metals
Among many biocides that can be blended with polyolefins, silver is the most popular one, as it is known to have strong antimicrobial effects against a broad spectrum
of microorganisms, is stable and easy to apply, as well as being nontoxic to the
human body [1821]. Metallic silver does not release the ion easily, compared
with copper, and so its antimicrobial activity is not quite as strong as its metallic
state. In fact, silver nitrate that forms silver ions, Ag1, in water solution has strong
antimicrobial activity [22]. Polyolefins have poor miscibility with silver ions, thus
use of micro- or nano-sized metal particles would increase miscibility of the metal
in polymers. In fact, nano-sized silver particles have been introduced into polyolefins during the extrusion process [1821]. Accessibility of the silver particles inside
the materials to microorganisms and low homogenous dispersion of silver nanosized particles are the main challenges in applications of this technique [18,21].
Moreover, the formation of Ag1 requires water uptake, so only hygroscopic polymers are good candidates in this context. Thus, addition of certain additives as a
carrier for silver ions or a modifier to increase hydrophilicity of polyolefins has
been proposed [23,24]. Silver-substituted zeolites are the most widely used additives in this context for food packaging applications [7]. Based on this technology,
DuPont has introduced MicroFree brand silver salt antimicrobial powders to impart
antimicrobial activity to plastic resin systems.
Another heavy metal ion, copper ion, also can destroy microorganisms and
viruses, and is proven safe to humans [25]. Gavia and co-workers introduced copper
oxide into the PP by adding a cupric oxide powder to the polymer during the
master-batch preparation stage. Spun-bonded nonwoven fabrics made of meltblended polymer and copper presented excellent biocidal activities [26]. However,
copper ion is more toxic to the aquatic environment, which is a limitation of the
applications of copper ion.
Again, heavy metal biocides can be easily incorporated into polyolefins during
extrusion processes and could provide good antimicrobial functions on the materials
with a contact time of a few hours (Table 8.1). Silver is the most popular one, being
widely employed in many polymeric materials including textiles, household plastics, and medical devices, because of its safety to humans. But due to relatively
slow functions, the products containing the ions may have limited power to provide
complete and quick kill against most pathogens. In addition, all heavy ions are toxic
to aquatic life, which is a major concern in the use of heavy metal ions.
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Antimicrobial agent/
polymer fabrication
method

Antimicrobial activity
Minimum concentration
contact time (method)
bacteria reduction

Remarks

Ref.

Silver nano-sized particle/
PP Melt blending &
film casting

. 0.1 wt%
24 h (AATCC 100)
99.9% (Staphylococcus
aureus)

Show activity for
micro-sized
when Conc. .
0.5%

[18,19]

Silver nano-sized particle/
PP Melt blending &
sheath/core fibre
spinning

0.3 wt% (0.026 vol%) in
sheath
NR (AATCC 100)
99.9% (S. aureus and
Klebsiella pneumoniae)

No activity when
silver was in
core

[20,21]

Elementary silver/PP
Melt blending & film
casting

0.8 wt%
28 days (shake flask)
90% (S. aureus and
Escherichia coli)

Adding carrier
improve
activities

[24]

Copper oxide/PPMelt
blending, fibre spinning
& making spun-bonded
fabric

3 wt%
4 h (AATCC 100)
99.9% (S. aureus and
E. coli)
98.7% (Candida albicans)

No difference due
[27]
to layer thickness

8.3.2 Macromolecular antimicrobial agents
Poly(2-tert-butylaminoethyl) methacrylate, PTBAEMA (Fig. 8.1), is a typical representative water-insoluble biocide which can be blended with polyolefins to provide
surface modification [28] (Table 8.2). The major role of PTBAEMA is believed to
be the displacement of Ca21 and/or Mg21 ions from the outer membrane of the
bacteria, which is accordingly disorganized and finally disrupted.
Physical entrapment of PTBAEMA into LLDPE by blending and film casting
provides moderate antimicrobial activity for long contact time [28]. Since the physical trapping of the antimicrobial macromolecule is the only binding mechanism to
improve miscibility of these two polymers, Lenoir and co-workers have developed
a block copolymer that combines a short polyolefin block miscible with LDPE and
a PTBAEMA block which has been synthesized by controlled atom transfer radical
polymerization (ATRP) [29]. This diblock copolymer was synthesized by ATRP of
TBAEMA onto poly(ethylene-co-butylene) (PEB) oligomer which has activated
bromide as a macroinitiator. Morphological changes of Escherichia coli bacteria in
contact with melt-blended film indicated that the diblock copolymer is bactericide
rather than bacteriostatic [29]. A reasonable explanation for this claim is that
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Figure 8.1 Structure of poly (2-ferf-butylaminoethyl) methacrylate (PTBAEMA).

Incorporation of high molecular weight cationic
antimicrobial agents into polyolefins

Table 8.2

Antimicrobial agent/
polymer fabrication
method

Antimicrobial activity

PTBAEMA/LLDPE melt
blending and film casting

1.55.0 wt%
24 h (JISZ 2801)
100% (Staphylococcus
aureus with 1.5 wt% and
Escherichia coli with
5.0 wt%)

PTBAEMA/LDPE
synthesize PEB-bPTBAEMA, melt blending
with PE, and film casting

1.67 mmol
2 h (shake flask)
100% (E. coli)

Diblock copolymer
is a biocidal

[29]

PTBAEMA/PP synthesize
PP-g-MAH-PTBAEMA
through ATRP and melt
blending with PP then
fibre spinning

12.5%
1 h (shake flask)
100% (E. coli)

No activity for
PTBAEMA
without amino
end group

[30]

Minimum concentration
contact time (method)
bacteria reduction

Remarks

Ref.

[28]

some fibrous and granular material, most probably cell content, is released after
60 minutes contact time with modified LDPE which serves as evidence of the
destruction of the bacteria membrane. Also, no bacteria have been observed sticking
on the active surface of LDPE, which indicates that the bacteria were killed by contact and released to the aqueous environment.
The same idea was employed in making antimicrobial PP recently (Table 8.2).
To overcome the deleterious effects of immiscibility of two polymers, Thomassin
and co-workers grafted PTBAEMA onto PP backbone by reactive blending of polypropylene-g-maleic anhydride (PP-g-MAH) with a primary amine-end-capped poly
((2-tert-butylamino) ethyl methacrylate) [30]. The antimicrobial activity of
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functional fibres showed that the functional PP fibres were able to provide longlasting antibacterial activity because the PTBAEMA biocides anchored onto PP
chains prevent themselves from being released from the surface of the fibres. Such
incorporated biocides in polymers behave similar to chemically incorporated ones,
which could provide more durable functions.

8.3.3 Other antimicrobial agents
N-halamine antimicrobial agents have been employed in polyolefins by incorporating hindered amine light stabilizers (HALSs) as N-halamine precursor [31,32]
(Fig. 8.2). HALSs are one of the most important light/thermal stabilizing agents of
polymeric materials (Table 8.3).
The researchers found HALSs could be readily transformed into N-chloro-hindered amine (NCHAs) in diluted sodium hypochlorite bleach solution. Although
they were able to fabricate PP by solvent casting, the solvent cast film showed
excellent antimicrobial activities against E. coli and S. aureus. Also, they claimed
strong storage stability of functional polymer as well as durability and rechargability of this functionality.
Using miscellaneous antimicrobial agents such as nisin or simple antifungal
agents such as propionic, benzoic, and sorbic acids (in the form of anhydride for
increased compatibility) to polymers such as LDPE to produce active packaging for
food has been studied (Table 8.3). These materials may have limited washing durability since they are mostly soluble in water [33,34].

8.3.4 Coating antimicrobial agents onto surfaces
Antimicrobial agents that cannot survive elevated processing temperatures can be
coated onto polyolefins [35]. In this case, a processed polyolefin material such as nonwoven fabric or polymeric film is impregnated in a solution of antimicrobial agent,
padded and dried for removal of water by heat treatment, and finally cured if necessary. Thus, only surface properties of the materials are changed while the bulk
O
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Figure 8.2 Structure of bis(2,2,6,6-tetramethyl-4-piperidyl) sebacate (BTMP) and
N-chlorine-BTMP.
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Incorporation of other antimicrobial agents
into polyolefins

Table 8.3

Antimicrobial
agent/polymer
fabrication
method

Antimicrobial activity
Minimum concentration
contact time (method)
bacteria reduction

Remarks

Ref.

Nisin/PE melt
blending &
film casting

NR
24 h (inhibition zone)
Show good inhibition zone
against
Brochothrix thermosphacta

Adding polyethylene
oxide or EDTA
significantly
improves activity

[33]

BTMP/PP
synthesize ClBTMP and
solvent casting

. 0.1 wt%
. 15 min (AATCC 100)
100% (E. coli and S. aureus)

Ability to recharge and
durable

[31,32]

Benzoic
anhydride/
LDPE Solvent
casting

2%
Inhibition and rate of growth
fully inhibited against
(Aspergillus toxicarius,
Pencillium)

Released benzoic acid
is active compound

[34]

properties of the substrate are intact. Good mechanical properties of the coating and
good adhesion to the substrate are critical points in the treatment of the polyolefins.
In comparison to melt blending, functional coating has several advantages.
For instance, after the melt blending process, most antimicrobial agents such as metal
nano-sized particles may not stay on the surface and are unable to contribute to antimicrobial effects. If the agents and polyolefins are immiscible the products may not
have acceptable transparency. For instance, silver nanoparticles and copper have been
coated on the surface of polymer films or fabrics. To overcome low durability of the
antimicrobial functions, plasma treatment with or without gas implantation was
employed in coating of copper ions onto polyolefins (Table 8.4) [38,39,46].
In the case of silver nano-sized particles chemical vapor deposition (CVD),
solgel technique or magnetron sputter coating was used to prepare nanostructured
silver films [18,36,37]. Solgel provides a simple technological approach, but such
a coating was not uniform and compact. Also, weak bonding forces between film
and polymer substrate may cause low durability of the coating. CVD does not pollute the environment, and sputter coating is quite expensive and not applicable to
large and/or complex item geometries (Table 8.4).
Preparatory gold coating for SEM imaging was used as antimicrobial coating on
mesh grafts of PP [47]. The coated materials showed antimicrobial effects, with the
goldpalladium coated ones exhibiting better functions than the gold coated ones
at a contact time of 24 hours. In in vivo tests of the samples for 8 days after
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Coating common antimicrobial agents onto polyolefin

surfaces
Antimicrobial
agent/substrate

Antimicrobial activity
Minimum concentration
(thickness) contact time
(method) bacteria reduction

Remarks

Ref.

Nano-particle
silver/spunbonded PP

2 nm thick
1 h (shake flask)
100% (Escherichia coli)

Usage of magnetron
sputter coating

[36]

Silver-doped
organic-inorganic
hybrid/LDPE
thin film

5%
6 h (80:20 IOR:OR)
or 24 h (50:50 IOR:OR) (shake
flask)
100% for both samples (E. coli
and Staphylococcus aureus)

Solgel coating of
PEPEGSi/silica
hybrid

[37]

Nano-sized silver
colloid/PEPP
spun-bonded
nonwoven

20 ppm
24 h (AATCC 100)
99.9% (S. aureus) and 19.4%
(Klebsiella pneumoniae)

Ethanol-based colloid
with (without) sulfur
composite show
99.9% reduction for
both bacteria

[18]

Copper/PE film

3%
Using plasma
immersion ion
24 h (AATCC under high humid
implantation
condition)
technique (PIII)
96.2% (E. coli) and 86.1%
(S. aureus)
Gas co-implantation
can regulate the
copper release rate

[38]

Gold or
Goldpalladium
(6040)/PP
mesh graft

5 nm
24 h
95.7% Au coated (S.
epidermidis) and 99.1%
AuPd coated

Zero and 30% infection
for in vivo AuPd
and Au samples

[40]

MHPA and MDHP/
PP fabric

0.16%0.58% active oxygen
NR (AATCC 100)
99.4% (S. aureus) and 99.3%
(K. pneumoniae)

No change after five
times laundering

[41]

Chitosan oligomer/
PP nonwoven

0.01%0.05% add-on chitosan
level
Not reported (shake flask)
90% (Proteus vulgaris) with
0.01% add-on chitosan level
whereas
0.05% add-on level (E. coli and
S. aureus)

30% reduction (K.
pneumoniae and
Pseudomonas
aeruginosa) for
more than 1.0% addon chitosan level

[42]

[39]

(Continued)
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(Continued)

Antimicrobial
agent/substrate

Antimicrobial activity
Minimum concentration
(thickness) contact time
(method) bacteria reduction

Remarks

Ref.

Triclosan/PE film

Not reported
No antimicrobial
24 h (AATCC under high humid
activity when
condition)
bacteria conc. is 108
99.1%99.8% S. aureus) and
CFU/ml
99.7%99.9% (E. coli)

[43]

Bronopol/PE film

Not reported
No antimicrobial
activity when
24 h (AATCC under high humid
bacteria conc. is 108
condition)
60.4%96.2% (S. aureus) and
CFU/ml
20.3%94.7% (E. coli)

[44]

Polyhexamethylene
biguanide
hydrochloride/
SMS nonwoven
PP

0.75% add-on level
24 h (AATCC 147)
Pass (S. aureus)

[45]

No change in activity
due to applying
fluorochemical
repellent finishing

inoculation, the wound infection rate was 0% for goldpalladium coated PP grafts
and 30% for gold coated PP grafts, whereas virgin PP grafts demonstrated 100%
growth rate (Table 8.4).
In addition, magnesium hydroperoxyacetate (MHPA) and magnesium dihydroperoxide (MDHP) as antibacterial agents were applied onto PP fabrics through paddry cure, and the products exhibited good antibacterial activity ( . 99% reduction
of growth) after zero and five launderings [41]. Coating other antimicrobial agents
such as triclosan (2,4,4P-trichloro-2P-hydroxydiphenylether) [43], bronopol (2bromo-2-nitropropane-1,3-diol) on plasma-modified PE [44], water-soluble chitosan
oligomer [42], a deacetylated product of chitin, onto PP nonwoven, Reputex, with
polyhexamethylene biguanide hydrochloride (PHBM) as an active ingredient, onto
spun-bondedmelt-blownspun-bonded (SMS) PP nonwoven fabrics has been proposed [45] (Table 8.4).
Recently, Han and co-workers used polyamide as a coating medium to incorporate active compounds on surfaces of LDPE film [48,49]. The polyamide resin was
dissolved in alcohol and then various antimicrobial agents, such as sorbic acid,
cymophenol, thymol, rosemary oleoresin, and trans-cinnamaldehyde, were added to
the prepared solution. Afterward, the prepared coating medium was coated on
LDPE film and irradiated with electron beams to increase covalent binding between
the coating and the polymer film.
Coating processes, serving as an optional process to incorporate antimicrobial
agents to polyolefins, have been successfully employed in different products. Since
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biocides on surfaces can be removed rapidly during usage, different polymeric binders, chemically or physically enhanced interactions between the biocide and polyolefins, were adopted to increase durability of the antimicrobial functions. These
methods do work for various products that may not be repeatedly used and cleaned.
For certain polyolefin materials such as reusable textiles chemical incorporation of
biocides onto polyolefins might be a better option.

8.3.5 Chemical incorporation of biocides to polyolefins
Various chemical modification methods have been developed, including ionic or
covalent linkage, cross-linking, and graft copolymerization. Antimicrobial agents
have been linked as side substitutes to polymer backbone by means of cleavable
bonds. Release of the active agents occurs without significantly affecting properties
of the original polymer. Therefore, durability of antimicrobial functions is much
higher than with physical incorporation techniques, though cleavage of immobilized
antimicrobial agent is the most critical point. This method of obtaining antimicrobial polymers requires the presence of suitable functional groups on both the antimicrobial and the polymer. Peptides, enzymes, and polyamines are the functionalbearing antimicrobial agents. Few examples of immobilization of antimicrobial
onto unmodified polyolefins have been published because of nonavailability of
suitable functional groups on the polyolefin polymers. Therefore, most research
efforts have focused on introducing functional groups onto the polymers.

8.3.6 Cationic substances
Chitosan is a good polymeric biocide and can be immobilized onto PP films or fabrics.
In order to provide proper functional groups on polyolefins that are interactive with NH2
groups in chitosan, carboxylic groups have been suggested to be grafted onto PP. In this
case, acrylic acid (AA), glycidal methacrylate (GMA), or methacrylic acid (MA) can be
grafted onto polymer surfaces by using plasma or irradiation, and afterward immobilization of chitosan is carried out [5054]. PP surfaces can be modified with amino groups
by plasma treatment and glutaraldehyde can be used as a cross-linker to link both the
polymer and chitosan (Scheme 8.1). The mechanism with glutaraldehyde is based on
the formation of imine bonds between aldehyde groups of glutaraldehyde and amino
groups of enzyme and amino plasma activated PP [50]:
Other nonleaching antimicrobial agents such as poly 2-dimethylaminoethyl methacrylate (PDMAEMA) have been immobilized on the surface of PP, and the modified
product also showed powerful biocidal activity [55] (Table 8.5). Leachable antimicrobial activity could also be achieved by applying a hydrolyzable ester linkage between
the biocide and the polymer (Scheme 8.2). The gradually hydrolyzed ester bonds will
provide slow release of the antimicrobial agents [57,59].

Scheme 8.1 Schematic diagram of immobilization of chitosan onto amino-activated PP films.
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Table 8.5

Antimicrobial agent/substrate
fabrication method

Antimicrobial activity
Minimum concentration
contact time (method)
(% or log) bacteria
reduction

Remarks

Ref.

HTCC/PP nonwoven grafting
GMA onto plasma-treated PP
followed by immobilization

29.7% GMA/2.6% HTCC
3 h (AATCC 100)
1.4 log (Escherichia coli),
1 log (Lactobacillus
plantarum) and
1.3 log (Staphylococcus
aureus)

β-cyclodexrin (CD)/PP
nonwoven Same as above

20.62% GMA/1% CD
3 h (AATCC 100)
1.1 log (E. coli), 0.4 log
(L. plantarum) and
1.1 log (S. aureus)

Chitosan/PP nonwoven Solution
grafting with AA followed by
immobilization in presence of
collagen and glutaraldehyde

43% (11% AA grafting and Water uptake and
[52]
diffusion
33:67 collagen:chitosan)
coefficient
Not reported (AATCC 100)
decrease at higher
100% (S. aureus)
immobilization
percentage

Chitosan/PP film amino and
carboxyl-plasma activation of
PP followed by
immobilization

1.75 g/m2
24 h (drop test under
humid condition)
2 log (E. coli) and 4 log
(Bacillus subtilis)

. 95% reduction in [50]
oxygen
permeability,
using
glutaraldehyde as
coupling agent

Chitosan/PP nonwoven AA
grafting under γ-ray
irradiation followed by
immobilization in presence of
EDAC

17% (6% AA grafting)
18 h (direct contact)
99.6% (Pseudomonas
aeruginosa)

Higher water content [53]
after treatment

Quaternary ammonium salt/PP
fabric

15% MA grafting plus

Same activity even
without
quaternization

35% quaternization extent
MA γ-irradiation grafting
followed by quaternization
24 h (XPG39-010)
with amine
. 99% (S. aureus and
hydrochlorideepichlorhydrin
Klebsiella pneumonia)
condensate

[51]

Higher GMA/CD
conc. show
inverse effect on
activities

[51]

[56]

(Continued)
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(Continued)

Antimicrobial agent/substrate
fabrication method

Antimicrobial activity
Remarks

Ref.

1026 M
Quaternary ammonium salts/
LLDPE film AA glow
discharge grafting followed by 24 h (direct contact)
quaternization
100% (2 3 105 S.
aureus) and 99%
(3 3 105 E. coli)

No activity for C12
chain length
No activity when
bacteria conc.
. 105 CFU/ml

[57]

Quaternary ammonium salt/PP
fabric

40% MEMA grafting plus

[56]

Morpholine ethyl methacrylate
(MEMA) E-beam irradiation
grafting followed by
quaternization

50%70% quaternization
extent 3 h (AATCC
100)
6 log (E. coli)

Less activity when
benzyl chloride
used as alkylating
agent

Quaternary ammonium salt/PP
fabric

2.3% 4-VP grafting plus

Radiation grafting of vinyl
pyridine (4-VP) followed by
quaternization by ethyl/butyl/
hexadecyl or benzyl halide

89%93% quaternization
extent
Effluent technique for
20 mL bacteria with rate:
7.5 mL/min
90%95% (E. coli)

PQA/PP plate
ATRP of DMAEMA onto PP
followed by quaternization

PQA . 14 unit/nm2
1 h (shake flask)
100% (3 3 105 E. coli)

Minimum concentration
contact time (method)
(% or log) bacteria
reduction

Benzyl bromide was [58]
the most effective
Higher activity
with more plied
layers

[55]

8.3.6.1 Metallic complexation
Several monomers such as AA [60], sulfonated styrene [61], and 2N-morpholine
ethyl methacrylate (MEMA) [56] have been grafted onto PP substrates and their
metallic salt complexes showed antimicrobial properties. Among all applied metallic elements silver-complexed polymer showed a strong biocidal activity against all
bacteria. Since the target site of the cationic biocides is the cytoplasmic membranes
of bacteria, adsorption of metallic salt onto the bacterial cell surface is the first step
for their action. It is expected that adsorption can be enhanced with increasing
charge density of the cationic biocides (Table 8.6).
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Scheme 8.2 Conversion of the grafted carboxylic acid to the quaternary salt.

8.3.6.2 Halamines and halogens
Among the currently investigated antimicrobial agents, only N-halamines have
shown the capability of providing fast and total kill against a wide range of microorganisms without causing resistance from the microorganisms. An N-halamine is a
compound in which one halogen atom is attached to nitrogen and is formed by the
halogenation of imide, amide, amino-azine, or amino groups. N-halamine compounds provide the most durable and rechargeable biocidal properties compared to
other antimicrobial agents. Several efforts have been devoted to incorporating them
into polymeric materials in the last 10 years [10,11,12,13,6266]. Blending an Nhalamine agent with polymeric material and grafting on polymer backbone are the
most common ways to introduce N-halamine agents into polymeric structures. The
former one has been discussed before whereas the second method, somehow, is difficult to control, but seems to be the most facile approach.
Chemical incorporation of halamine structures to various polymers has experienced great development over the past decade but it has been applied more onto
hydrophilic polymers. N-halamine structures were grafted onto PP fabrics by a conventional pad-dry-cure finishing process [67]. This technique provided powerful,
durable, and rechargeable biocidal activities on several synthetic polymers, but is
limited to surface modification.
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Chemical incorporation of heavy metals into polyolefins

Antimicrobial agent/
substrate fabrication
method

Antimicrobial activity

Metallic salt/PP fabric AA
γ-irradiation grafting
followed by metallic
complexation

No activity for
6.94 mM COOH/g reacted, Ag
Ni-complexed
(0.1), Fe (0.28), Zn (1.96),
fabric
and Cu (0.37) mmol/g
Direct contact 6 log Escherichia
coli Ag (5 min),
6 log Staphylococcus aureus,
Ag (5 min), Cu (30 min), Zn
(3 h), 6 log Pseudomonas
aeruginosa, Ag (2 h), Fe
(4 h)

[60]

Metallic salt/PP fabric
Styrene γ-irradiation
grafting followed by
sulfonation and then
metallic complexation

3.95 mM SO3H/g reacted, Ag
(0.61), Fe (1.56), Zn (1.50)
and Cu (1.69) mmol/g
Direct contact 6 log E. coli Ag
(30 min), Fe (2 h), Cu (4 h)
6 log S. aureus, Ag (30 min),
Cu (3 h), Zn (4 h), Ni (3 h),
Co (5 h) 6 log P. aeruginosa,
Ag (30 min), Fe (30 min), Cu
(1 h), Zn (4 h), Ni (5 h)

[61]

Minimum concentration
contact time (method)
bacteria reduction (% or log)

0.091 mg/g Cu21 3 h (AATCC
Metallic salt/PP fabric
Morpholine ethyl
100) 6 log (E. coli)
methacrylate (MEMA)
E-beam irradiation grafting
followed by quaternization

Remarks

Total kill even
without using
alkylating
agent

Ref.

[56]

Recently, chemical incorporation of N-halamine precursor structure into polyolefins during melt extrusion was explored [68]. By using a reactive extrusion process
and radical graft polymerization reaction, several cyclic and acyclic halamine precursor structures were successfully grafted onto PP. The chlorinated grafted polymers provided fast, durable, and rechargeable biocidal activity against bacteria and
are prone to be applied in melt-blown nonwoven systems. Such an approach of
chemical modification of polyolefins opens up new avenues of making antimicrobial polymers.
In addition, grafting of polyvinylpyrrolidoneiodine (PVP-I) complex onto PP
films to achieve antimicrobial activity has been proposed [69]. The activated surfaces showed total kill after a minimum of 4 hours contact time without propensity
to recharge or refresh (Table 8.7).
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8.7 Chemical incorporation of haloamine or halogen
antimicrobial agents into polyolefins

Table

Antimicrobial agent/substrate
fabrication method

Antimicrobial activity
Minimum concentration
contact time (method)
bacteria reduction
(% or log)

Remarks

Ref.

Polyvinylpyrrolidoneiodine
(PVP-I) complex/PP film UV
grafting of NVP followed by
iodine complexation

Not reported except 2.1%
PVP grafting
5 h (shake flask)
99.999% (Escherichia
coli, Staphylococcus
aureus, Candida
albicans)

N-halamine/PP fabric pad-dry
cure of hydantoin derivative
followed by chlorine activation

3.9%
20 min (AATCC 100)
99.9% (E. coli)

High durable
[67]
and ability to
recharge

N-halamine/PP polymer meltinduced grafting melamine
derivatives followed by fibre
formation and chlorine
activation

60 mol/million part PP
30 min (AATCC 100)
100% (E. coli)

Rechargeable
and durable
activity

8.4

[69]

[68]

Future trends

Current antimicrobial polyolefin products could provide actions against a broad
spectrum of pathogens and have found applications in many areas. Undoubtedly,
the use of antimicrobial polymers in hygienic products and medical devices can
protect human health and improve quality of life. The range of applications of the
polymers has been extended to many fields including artificial organs, drugs,
healthcare products, implants, bone replacement and other prostheses, woundhealing, food, textile industry, and water treatment.
The antimicrobial polymers are on the verge of rapid expansion, which is evidenced by emerging new classes of antimicrobial products in the past few years [9].
However, current antimicrobial products still need several hours of contact time to
provide substantial reductions of pathogens, which is still far below expectation.
Furthermore, many current structural modifications on polyolefins could adversely
affect their original properties, thus making the polymer lack antimicrobial applications. However, modification of polyolefins and their fibrous products with more
powerful biocidal properties as well as with improved porosity, wettability, and
biocompatibility could lead to applications in implants and biomedical devices as
well as biological protective materials.
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Polyolefin matrixes with permanent antibacterial activity: preparation, antibacterial
activity, and action mode of the active species. Biomacromolecules 2006;7
(8):2291.
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9.1

Introduction

In the past decade, the use of polyolefins, especially polypropylene (PP), has dominated the production of meltblown and spunbonded nonwovens. One of the main
reasons for the growing use of polyolefins in nonwovens is that the raw materials
are relatively inexpensive and available worldwide. This chapter discusses the basic
characteristics, properties, and uniqueness of polyolefins in nonwoven applications.
Also discussed is how to improve the use of polyolefins in nonwovens by taking
advantage of advances and key developments in polyolefin catalyst technology,
such as single site catalysts and their unique molecular tailoring capabilities in polymerizing olefins.
Polyolefin resins are widely used in nonwovens mainly because they offer a relatively attractive cost combined with good value and ease of use when compared to
conventional resins, such as polyesters and polyamides. Moreover, continuing
advances in polyolefin fibre grade resins are strengthening the olefin price/properties ratio, which make them more suitable for nonwoven applications. PP is the largest single raw material used for global nonwovens in 2015 as shown in Fig. 9.1 [1].
Commercial polyolefin technologies over the last six decades have gone through
significant changes. Fig. 9.2 shows the stages of development in polyolefin technology [2]. The figure indicates that the polyolefin technologies have gone through an
introduction, growth, and stabilization or maturity phase. The drive for technology
evolution has been the industry’s desire to continuously improve control of the
molecular architecture which leads to improved polymer performance. This innovative trend may bring another cycle of introduction, growth, and maturity phases in
polyolefin technology. The key developments/milestones in polyolefin technology
are as follows [3]:
G

G

G

G

In the 1930s, Imperial Chemical Industries (ICI) set the trend of making versatile plastic
by introducing its high-pressure process for making polyethylene (PE) resins.
In the 1950s, the discovery of stereoregular polyolefins and the incredibly rapid development of catalysts and processes lead to commercialization of crystalline isotactic PP and
high-density polyethylene (HDPE) resins.
In the 1970s, the invention of the low-pressure, gas phase process for making linear polyolefins started the wheels turning.
In the 1990s, the introduction of single site catalyst for making superior polyolefin resins
set another technological trend.
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Figure 9.1 Raw materials used for nonwoven production [1].

Figure 9.2 Stages in development of polyolefin technology.
Source: Adapted from 5th annual TANDEC conferences, Knoxville, TN; 1995.
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In early 2000s, active research was under way on nonmetallocene olefin catalyst.
In the 2000s, the introduction of elastic polyolefins for nonwovens and other applications
opened up new end uses.

9.2

Nonwoven definition

Nonwoven fabric technology is the most modern branch of the textile industry [4],
and embodies both quite old and the very new processing techniques and materials
[5]. From a fairly modest beginning with only a limited variety of raw materials,
processes, and end uses, the nonwoven industry has reached a status of enormous
diversity [6]. Today, nonwoven fabrics play key roles in hundreds of everyday products, from luxury automobiles to the familiar tea bag [7]. The versatile and complex nature of the nonwovens industry is depicted in Fig. 9.3 [8].
The term “nonwoven fabrics” has been defined in many ways. In fact, the definition of nonwoven fabrics has been an area of considerable debate and discussion.
Apparently, all the definitions proposed so far state in some detail what nonwovens

Figure 9.3 Flow diagram of nonwoven industry complex.
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are not, rather than what they are. The term “nonwoven fabric” may be defined as
follows. Nonwoven fabric is essentially an assemblage of fibres held together by
mechanical or chemical means, resulting in a mechanically stable, self-supporting,
and generally flexible, web-like structure.
However, the definition of nonwoven given by INDA (Association of Nonwoven
Fabric Industry) is as follows: “A sheet, web, or batt of natural and/or man-made
fibres or filaments, excluding paper, that may not have been converted into yarns,
and that are bonded to each other by any of several means.” INDA further states
that a material shall be defined as a nonwoven if it has more than 50% of fibrous
mass made up of fibres (excluding chemically digested vegetable fibres) with
length/diameter (L/D) greater than 300 or more than 50% of fibrous mass with
either L/D greater than 600 or fabric density less than 0.4 g/cc or both.
There have been recent joint efforts by International Association serving the nonwovens and related industries (European Disposable And Nonwovens Association,
EDANA), INDA (Association of the Nonwoven Fabrics Industry), and ANFA (Asia
Nonwoven Fabrics Association) in revising the definition of nonwovens. The proposed new definition of nonwovens is: “an engineered fibrous assembly which has
been given a designed level of structural integrity by physical and/or chemical means
with the exclusion of paper, woven, or knitted materials.” This new definition states
what nonwovens are rather than what they are not—which is not woven [9].
The most significant feature of nonwoven fabrics, and the one that contributes
most to their economic appeal [7], is that the fabrics are usually made directly from
raw materials in a continuous production line, thus partially or completely eliminating conventional textile operations, such as roving, spinning, weaving, or knitting.
The simplicity of fabric formation, coupled with high productivity, allows nonwovens to compete favorably with wovens and knits on a performance per cost basis
in many industrial applications (as in packaging materials, for example). However,
in fashion outerwear apparel fabric applications, where good drape properties, flexibility, and strength are required, nonwovens have yet to gain a significant technological advancement. Nevertheless, there has been a continuous effort through
innovative manufacturing processes to develop newer nonwoven products that emulate the drape and flexibility of woven or knitted structures.

9.3

Nonwoven market

Demand for nonwoven products is increasing day by day due to the emerging economies in the Far East and new applications for nonwovens in filtration, wipes, roofing
membranes, home furnishings, automotives, health care, and waste management.
According to a recent study conducted by Freedonia Group, the demand for nonwoven roll goods is projected to increase 5.7% per year to $7.1 billion in 2017 [10].
The global consumption of nonwoven roll goods estimated to reach 12.1 million tons
or 333 billion square meters in 2020. Spunlaid or spunmelt will remain the leading
web-forming process [11].
Polyolefin-based nonwovens, especially spunbond nonwovens, is expected to
remain the dominant product group, accounting for roughly half of total volume in
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Figure 9.4 Nonwoven market share by fabric type.

2020 [11], owing to its position as the material of choice in major markets such as
baby diapers. The growth of polyolefin-based nonwovens will be driven by performance advantages, the development of new applications and increasing demand for
composite nonwovens featuring spunbond/meltblown/film webs and in residential
home air filtration products. Carded and wet-laid polyolefin nonwovens are expected
to see the slowest gains, with certain segments of these product types having more
favorable prospects. The nonwoven market share by fabric type is shown in Fig. 9.4.

9.4

Classification of nonwoven fabrics

9.4.1 Nonwoven manufacturing system
The manufacture of nonwoven fabric is very different from that of woven and knitted fabrics. Each nonwoven manufacturing system involves the following generic
steps [12]:
G

G

G

G

Fibre/raw material selection
Web formation
Web consolidation
Web finishing and converting.

9.4.1.1 Fibre/raw material selection
The fibre/raw material selection is based on cost, ease of processibility, and the
desired end use properties of the web. Fibres are the building block of all
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nonwovens. Most natural and man-made fibres are being utilized in the production
of nonwovens. The raw material includes binders and finishing chemicals.
Basically, binders are used for dry-laid webs to adhere fibres to each other to provide strength and integrity to the web. However, some of the binders act more than
just as adhesives [13]. In many cases, the binder system also acts as the finishing
agent, e.g., as flame retardant, softener, water repellent, and antistatic agent. A variety of binder types are available in the market. The main types are acrylics,
styrene-butadiene, vinylacetate ethylene, vinylacetate acrylates, polyvinyl chloride,
and homopolymer of vinylacetate.

9.4.1.2 Web formation
The laying down of the fibres to create a loosely held fibrous web structure is called
web formation. The formed web at this point is weak. The length of the fibres in
the web is dependent on the web formation technique. The fibres can be discontinuous (staple) or continuous (filament) in length. There are many web formation techniques; a detailed description is given in Section 9.4.2.

9.4.1.3 Web consolidation
Once the web is formed, the bonding of loosely held fibres in the web through some
means is called web consolidation. Web consolidation provides strength and integrity to the web. The web consolidation or bonding technique is divided into three
generic categories: mechanical, chemical, and thermal. It is mainly the ultimate fabric applications and/or type of web that dictate(s) the choice of a particular bonding
technique. Occasionally, a combination of two or more techniques is employed to
achieve bonding.

9.4.1.4 Web finishing and converting
Web finishing is often performed after consolidation. Finishing treatments are
applied to improve texture and feel of the web, and sometimes to alter properties,
such as porosity, breathability, absorbency, and repellency. Finishing treatment
methods are divided into mechanical finishing and chemical finishing. Mechanical
finishing includes creping, embossing, calendering, and laminating. Chemical finishing includes dyeing, printing, antistatic, and antimicrobial treatments.
After the finishing step, nonwovens are often converted to end use products on
an integrated machine, e.g., folded towels or premoistened wipes for babies. The
conversion process usually includes one or more of the following steps: winding,
rewinding, slitting, folding, cutting, sewing, sterilization, impregnation, and
packaging.
Nonwoven fabrics can be classified in many ways:
G

G

G

G

Classification based on web formation
Classification based on web consolidation
Classification based on web structure
Classification based on fibre type.
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Of the above classification systems, the most widely accepted is based on web
formation techniques.

9.4.2 Classification based on web formation
There are many nonwoven web formation techniques. They can be divided into the
following four generic categories [14,15]: dry laid, wet laid, polymer laid, and
composite.

9.4.2.1 Dry laid
Dry-laid web structures are produced using principles and machinery associated
with textile or pulp fibre handling [15]. In the dry-laid process, first a natural and/
or man-made staple fibrous web is prepared using a carding machine or air-laying
machine:
G

G

Carded webs. These are produced using conventional carding machines. A carding
machine processes the fibres mechanically through a series of rollers covered with a saw
tooth metallic wire or fillet card clothing. The web is created by condensing the fibres on
a doffer roll [16]. A single layer of carded web is too light and diffuse to make into a fabric. Therefore, a number of layers must be laid on top of one another to get the necessary
weight. The simplest way of doing this is to put several carding machines in line and lay
the carded web on top of one another, as shown in Fig. 9.5A. The fibre orientation in the
web is manipulated by cross-laying (Fig. 9.5B), and by laying parallel and cross-laid webs
on top of one another thus making a composite web (Fig. 9.5C).
Air-laid webs. These are produced by air-laying or mechanical fibre randomizing processes (Fig. 9.6). The fibres are first suspended in air and then deposited randomly on the
conveyor belt or screen. The fibre size is relatively short, up to 75 mm in length. The orientation of fibres in the web is usually completely random and the properties of the web
are somewhat isotropic. The best known random laid machine is the Rando-Webber manufactured by the Curlator Corporation of United States.

The carded or air-laid web is then processed to achieve fibre-to-fibre bonding by
chemical, mechanical, solvent, or thermal means in order to produce a nonwoven
fabric with sufficient dimensional stability. The web weight ranges from 30 to
3000 g/m2. Typical end uses for dry-laid nonwoven fabrics are interlinings for garments; fabrics for carpet backing; diaper coverstock; apparel and upholstery backings; filter media; wipes; and personal hygiene fabrics.

9.4.2.2 Wet laid
Wet-laid structures are produced using principles and machinery associated with
papermaking [12]. In the wet-laid process, natural or man-made fibres are first
mixed with chemicals and water to obtain a uniform dispersion called “slurry,” at a
very high dilution of 0.010.5 wt% of the fibre. The “slurry” is then deposited on a
moving wire screen where the excess water is drained off, leaving the fibres randomly laid in a uniform web, which is then bonded and finished as required
(Fig. 9.7). The webs are usually formed at rates up to 300 m/min from textile fibres
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Figure 9.5 Schematic of carding process: (A) Tandon arrangement of cards for parallel
laying. 1—card; 2—card web; 3—transport lattice; 4—continuous server. (B) Cross-laying
by means of a jigger lattice. (C) Combined deposition of cards webs to for a composite.

and up to 2500 m/min for tissue made from wood pulp fibres. The fibre length is
very short, less than 10 mm in most commercial processes. The web weight ranges
from 10 to 500 g/m2. Typical end uses for wet-laid nonwoven fabrics are tea bags,
towels, wipes, surgical gowns and drapes, and others.

9.4.2.3 Polymer laid
Polymer-laid structures are produced using principles and machinery associated
with fibre extrusion [15]. In the polymer-laid process, first a molten polymer is
extruded through a spinneret to form filaments or fibres. These filaments/fibres are
then laid down on a moving conveyor belt to form a continuous web. The web is
then bonded mechanically or thermally to make a polymer-laid nonwoven fabric
(Fig. 9.8). In most of the polymer-laid webs, the fibre length is continuous. The typical filament/fibre diameter range is 0.550 μm and the web weight range is

Figure 9.6 Schematic of air-laid process.

Figure 9.7 Schematic of wet-laid process.

Figure 9.8 Schematic of polymer-laid process.
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10600 g/m2. Typical end uses for polymer-laid nonwoven fabrics are carpet
underlay, packaging material, durable papers, geotextile fabrics, diaper and personal
hygiene top sheeting, apparel and upholstery backing fabrics, and surgical drapes
and gowns.

9.4.2.4 Composite
Composite nonwoven structures are produced using principles and machinery associated with fabric laminating or coating [15]. Usually, the composite structures are
produced using preformed fabrics. A good example of composite structure is
spunbondmeltblownspunbond (SMS) fabric from Kimberley-Clark Corporation.

9.4.3 Classification based on web consolidation
The web consolidation or bonding techniques are divided into three generic categories: mechanical, chemical, and thermal. The choice of a particular bonding technique is dictated mainly by the ultimate fabric applications and/or type of the web.
Occasionally, a combination of two or more techniques is employed to achieve
bonding. Chemical/adhesive and thermal techniques can be divided into two:
1. Point bonding. This involves cohering of the filaments in small, discrete, and closely
spaced areas of the webs using temperature, pressure, and/or adhesives (Fig. 9.9). Since
point bonding can be accomplished with as little as 10% bonding area (90% unbonded
area), such fabrics are considerably softer and more textile-like in handle [17].
2. Area bonding. This involves the use of all available bond sites in the web (Fig. 9.9); however, every filament/fibre contact is not necessarily bonded, since not every contact is
necessarily capable of forming a bond [18]. Bonding is achieved by passing the web
through a source of heat, usually steam or hot air, and pressure. The area-bonded web is
stiffer and more paper-like in appearance than point-bonded web.

Figure 9.9 Photomicrographs showing point and area bond in nonwoven.
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9.4.3.1 Mechanical
In mechanical bonding, the nonwoven web is bonded by entangling the fibres through
mechanical means, such as needle punching, stitch bonding, and spunlacing.

Needle punching
In this process the fibres are entangled with each other by the use of barbed needles.
The barbed needles, which are set into a board, penetrate into the web and then
recede, leaving the fibres entangled (Fig. 9.10). The degree of fibrous entanglement
is manipulated by varying needle configuration, needle length, barb shape, and web
advance rate. The form of a needle punch bond is more like a series of threedimensional floating anchor points. The needle punched web is quite extensible,
bulky, and conformable [19]. It is easily adapted to most fibre web and requires less
precise control than thermal bonding. In addition, it is the only bonding method
suitable for the production of heavyweight nonwoven fabrics (e.g., 800 g/m2). It is,
however, only suitable for the production of uniform fabrics over 100 g/m2, since
needling tends to concentrate fibres in areas resulting in loss of visual uniformity at
lower weights [17]. Usually, dry-laid and polymer-laid webs are needle punched.
The needle punching is used for geotextile fabrics, carpet backing fabrics, automotive carpets, and blankets.

Stitch bonding
In stitch bonding, usually a fleece is made by cross-lapping the web from conventional flat cards. The fleece is then fed through the stitch area of the machine
(Fig. 9.11), where needles knit through the web warp threads of either man-made or
staple spun yarns to consolidate the web into a nonwoven fabric. Stitch-bonded fabrics are used for decorative fabrics, backing fabrics for artificial leather, shoe fabrics,
and many others [20].

Spunlacing
This process is also known as hydro-entangling. In this process, high-pressure water
jets rather than needles entangle the fibres. Usually, a staple fibre web from either a
card or air-laying machine is laid on a perforated belt and is passed under highpressure water jets, as shown in Fig. 9.12. The high-pressure jets of water cause the

Figure 9.10 Schematic of needle punching process.
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Figure 9.11 Schematic of stitch bonding process.

Figure 9.12 Schematic of spunlacing process.

fibres to migrate and entangle according to the perforation in the belt. The web is
then impregnated with binder in order to seal segments of the structure. Spunlaced
fabrics are used for dust clothes, wipes, medical gowns, medical dressing, and disposable head rest covers in planes [20].

9.4.3.2 Chemical
In chemical/adhesive bonding, a polymer latex or a polymer solution is deposited in
and around the fibrous structure and then cured thermally to achieve bonding
(Fig. 9.13). The bonding agent is usually sprayed onto the web, saturated in the
web through various means, or printed on the web. In spray bonding, the bonding
agent usually stays close to the surface of the material, resulting in a web with little
strength, high bulk, and a fair degree of openness. In saturated bonding, all the
fibres are bonded to each other in a continuous matrix tending to give rigidity,
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Figure 9.13 Schematic of chemical bonding process: (A) spray bonding of a web and
(B) saturation bonding of a web.

stiffness, and thinness. Print bonding imparts varying degrees of openness, flexibility, breathability, and bulkiness in the unprinted areas.

9.4.3.3 Thermal
In this technique, the bonding is achieved by fusing of the thermoplastic fibres in
the web at the cross-over points. The fusion is achieved by the direct action of heat
and pressure via a calender (Fig. 9.14), an oven, a radiant heat source, or an ultrasonic vibration source. The degree of fusion determines many of the web qualities,
most notably hand or softness. The web being bonded can be made by dry-laid, wetlaid, or polymer-laid process. The following are the ways to achieve a thermal bond:
G

G

G

Thermal calendering. In this process, bonding is achieved using an amorphous polymer
binder fibre, a bicomponent binder fibre, a film, or the outer surface of a homogeneous
carrier fibre as the bonding agent [19,21].
Through-air oven. In this process, the binder fibre or powder melts entirely and forms a
molten nucleus at the closest intersection of fibres in the web. Upon cooling, the binder
solidifies and forms a weld spot [19].
Radiant heat source. In this process, a web is exposed to infrared radiant energy source.
The heat energy is absorbed by the web, which results in melting of the binder fibre.
Upon cooling, the binder solidifies and bonding takes place [19].
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Figure 9.14 Schematic of thermal bonding process.
G

Ultrasonic vibrations. In this process, rapidly alternating compressive forces are applied
to a localized area in the web. The stresses build up due to compressive forces and eventually get converted into thermal energy, which makes the fibres soft and tacky. Upon cooling, the softened fibres make a bond with other fibres [19].

The nonwoven products manufactured using this method of bonding include
most spunbond fabrics, diaper coverstocks (carded as well as spunbond), decorative
fabrics, and many more.

9.4.4 Classification based on web structure
Batra [22] proposed this classification scheme based on fabric/web structures. The
proposed system is not technology-specific, instead it emphasizes the structural
characteristics and performance of the fabric/web. All fabrics/webs which are neither woven nor knitted are divided into the following three categories:
1. Fibre web structures. This category includes all textile sheet structures made from fibrous
web, bonded by frictional/mechanical constraints and/or covalent bonds obtained through
the use of added resins, thermal fusion, or formation of chemical complexes.
2. Net-like structures. This category includes all textile structures formed by extruding one
or more fibre-forming polymers in the form of a film or a network of ligaments. The net
structure can be regular as in the case of Conwed or irregular as in the case of Sharnet.
3. Multiplex structures. This category includes textile fabrics which combine and utilize the
characteristic properties of several primary or secondary structures, at least one of which
is a recognized textile structure, into a single unified structure. An example of this type of
structure is stitch-bonded fabrics.

9.4.5 Classification based on fibre type
In this system, nonwovens are classified according to their fibre type. Any fibrous
materials that can be processed by any of the nonwoven production techniques can
be used. The main criterion for the fibre selection is their suitability for the end use
of the product. The fibre types are divided into three generic categories: natural,
synthetic, and blended [12].
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1. Natural. In this type of nonwoven, typically natural fibres are utilized, such as cotton jute,
wool, and wood pulp.
2. Synthetic. In this type of nonwoven, typically synthetic fibres are utilized, such as rayon,
polyester, PP, nylon, acrylic, kevlar, nomex, carbon, glass, and many other highperformance fibres.
3. Blended. In this type of nonwoven, typically two or more types of fibres are utilized. The
fibre blend or mix can be natural/natural, synthetic/synthetic, or natural/synthetic. The
fibres are usually blended or mixed in order to improve performance properties of
the nonwovens, such as strength. In some nonwovens, one component of the blended fibre
acts as a binder.

9.5

Finishing of nonwovens

Often nonwoven fabrics require finishing treatment. However, the great majority of
nonwoven products are used as they are sold in the unfinished state. The principal
finishing operations are divided into mechanical and chemical processes [23].

9.5.1 Mechanical
The mechanical finishing processes include calendering, brushing, embossing, laminating, creping, and crushing. A brief description of the various mechanical finishing processes is as follows:
G

G

G

G

G

G

The calendering operation consists of passing a web through a series of heated and/or
cold rolls. Different types and arrangements of calenders are used for different effects.
Calendering imparts softness, glossiness, special surface texture, and denser and fuller
hand to the web.
The brushing operation consists of passing a web under one or more rotating brushes to
give special surface effects. Brushing is usually used to flatten or raise the surface fibres
to give soft or fur-like hand to the web.
The embossing operation consists of passing a web through the nip of pressurized rolls,
one or both of which have desired pattern on their surfaces. Embossing is used to impart a
desired texture to the surface of the web.
Lamination is usually performed to obtain a combination of properties of different materials in one product.
Creping changes the elongation properties and flexibility by enlarging the web surface
area [24].
Crushing leads to compaction of the structure. Crushing introduces crimp and enhances
stretchability, drapeability, and softness to the web.

9.5.2 Chemical
The chemical finishing processes include bleaching, dyeing, printing, surfacing, sizing, antimicrobial treatment, and flame retardant finish. A brief description of the
various chemical finishing processes is as follows.
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Bleaching of nonwovens requires special processes, because of the presence of binders
and resins. Therefore, bleaching is usually performed at raw stock stage. Bleaching is generally carried out for nonwovens containing natural fibres.
The nonwovens can be dyed according to their economic utility. Dyeing of nonwovens in
web form presents unique problems, therefore usually dyeing is performed at raw stock
stage. Web dyeing is usually performed by adding dyestuff to the bonding agent. During
curing, the bonding agent will bind the fibre as well as color the web.
Nonwovens can be printed very easily, regardless of their physical structure and texture.
High-loft, low-strength nonwovens are printed by silk screen printing methods, and highstrength nonwovens are printed using conventional printing methods. A variety of designs,
such as checks, stripes, and floral patterns, can be printed [16].
Surfacing consists basically of adding decorative materials to the surface of the fabric,
other than through printing.
Sizing consists of passing a web through a saturating bath containing the sizing resin, followed by squeezing, curing, and drying. Sizing is performed to improve scuff resistance,
to increase tensile strength, to improve dimensional stability, and mildew resistance.
Antimicrobial finish is applied to nonwovens which are exposed to bacteria or microorganisms. It is generally recommended particularly for carpet, bed linen, and medical
nonwovens.
Flame retardant finish is applied in many ways. Usually, a flame inhibitor is used in conjunction with a binder and is applied onto the web through various means. Flame retardant
finish is recommended where there is high risk of fire hazards, such as in apparel for children and physically handicapped, nonwovens for hotels, and hospital wear.

9.6

Characteristics and properties of nonwoven fabrics

Nonwoven fabrics are quite distinct and versatile in their characteristics and properties compared to conventional woven and knitted fabrics. The key characteristics of
nonwoven fabrics are as follows [25]:
Physical properties
Handle

Drape
Surface area
Bulk
Appearance
Price

Adjustable to a certain extent.
Adjustable between extremely soft and extremely hard, but thus
adjustment causes marked changes in other properties, such as
stiffness.
Falls between conventional textiles and paper.
Always greater than conventional textile fabric.
Adjustable, usually greater than conventional textile fabric.
With some exceptions, less attractive than that of conventional
textile fabric.
Usually more cost effective than conventional textile fabric.

The woven and knitted fabrics manifest their properties from the arrangement of
fibres in the yarn and the arrangement of yarns in the fabrics [26]. Likewise, the
properties of nonwoven fabrics are largely dependent on fibre properties, fabric
structural geometry, and particularly the type of fibre-to-fibre bonding. Moreover,
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nonwoven fabric properties can be “tailor-made” through the use of the various
web manufacturing and bonding processes, the selective use of fibres/raw materials,
and various finishing processes.
Since the fibre is the basic structural element in nonwovens, the fibre properties
contribute directly to the final performance of nonwovens and also conversion into
nonwovens. A minor variation in fibre properties sometimes can have a strong
effect on their processability and end use performance. Therefore, it is extremely
important to understand the various properties of fibres. Knowledge of fibre properties will also help in selecting the right fibre for a nonwoven.

9.6.1 Fibre properties
Usually the fibre properties are classified into three categories: physical, mechanical, and chemical [12].
1. Physical properties. The physical properties of fibres are their different surface and morphological characteristics. Some of the important physical properties of fibres for nonwovens applications are as follows: fibre length, fibre denier or size, cross section, surface
contour, crimp, moisture absorption and regain, covering power, thermal shrinkage, melting point, molecular weight distribution (MWD), and abrasion resistance
2. Mechanical properties. The mechanical properties of fibres involve the study of structural
responses to applied forces and deformations. These properties contribute to both the
behavior of fibres in processing and the properties of the final nonwoven webs. The
mechanical properties of a fibre cover a large number of effects, all of which combine to
determine the particular character of the fibre. Because of their shape, the most studied
and, in many applications, the most important mechanical properties of fibres are their
tensile properties—their behavior under forces and deformations applied along the fibre
axis. The tensile properties include strength, elongation, initial modulus, and elasticity.
3. Chemical properties. The chemical properties of fibres mean their ability to withstand the
effects of external chemicals or agents during processing and during use without suffering
harmful effects. Some of the important chemical properties are resistance to acids, alkalis,
and organic solvents, resistance to insects and microorganisms, and effects of sunlight and
infrared radiation.

9.7

Consumption profile of polyolefin in nonwovens

9.7.1 Background
Polyolefins are the most widely used resins in polymer-laid nonwovens. The total
usage of PP and PE in nonwovens is given in Table 9.1 [27]. PP has the major share
of the disposable diapers, sanitary product markets, and medical apparel, and is the
principal fibre used in geotextiles, nonwoven furniture construction sheeting, and
carpet components; it is also widely used in wet filtration applications. PE is used
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Table 9.1
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Total usage of polyolefin in nonwovens (million kg)

Region

Polypropylene

Polyethylene

United States
Europe
Asia Pacific

410
375
80

45
35
,5

predominantly in the United States for industrial garments, housewrap, envelopes,
and other paper-like products.

9.7.1.1 Polyolefin resins
The commercially available olefin resins span from a very wide range of molecular
weight and comonomer content  ranging from extremely viscous high molecular
weight resins to low molecular weight liquids; from high crystalline, stiff materials to
low modulus, amorphous polymers. There are mainly two types of polyolefin resins
used in nonwovens: PP and PE. Although both of these resins are considered members of the olefin family, they both impart drastically different processability requirements and performance variations.

Polypropylene
PP is the most widely used resin in polymer-laid nonwovens. PP exists in three
forms: isotactic, syndiotactic, and atactic. Isotactic PP is the principal type used
commercially.
G

G

G

Isotactic PP is a stereospecific polymer because the propylene units are added head to tail
so that their methyl groups are all on the same side of the plane of the polymeric backbone. It crystallizes in a helical form and exhibits good mechanical properties, such as
stiffness and tensile strength. Isotactic PP is sold commercially in three basic types of
product: homopolymer, random copolymer, and block copolymer. Homopolymer has the
highest stiffness and melting point of the three types and is marketed in a wide range of
melt flow rates (MFR).
Syndiotactic PP is made by inserting the monomer units in an alternating configuration. It
lacks the stiffness of the isotactic form, but has better impact and clarity.
Atactic PP is made through a random insertion of the monomer. This form lacks the crystallinity of the other two. It is mainly used in roofing tars and adhesives applications.

Fibre grade PP resins are mainly isotactic homopolymer. When drawn or oriented, PP homopolymer gives a material with improved tensile, stiffness, tear
strength, and clarity due to the alignment of the polymers during the orientation
step. Several important fibre technologies take advantage of the drawability of PP
resins and are major consumers of PP resins. Low-melt flow resins are used for
monofilaments and slit film applications. Medium to high MFR PP is used to produce continuous fine denier filaments, extruded through spinnerets in a process
called melt spinning. Spunbonding usually requires narrow MWD with high MFR
resins, typically 3080 MFR. Melt blowing can have a wide range of narrow
molecular weight MFR resin, typically 301500 MFR.
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Polyethylene
PE resins are newcomers in nonwovens especially for polymer-laid nonwovens. In
fact the availability of fibre grade PE resin was first announced in 1986. PE is
made by polymerizing ethylene monomer. It can also be copolymerized with other
materials to modify or enhance certain properties. For example, the density of PE
can be manipulated by the type and amount of comonomer reacted with ethylene to
make the polymer. In combination with the manufacturing process, this comonomer
affects the type, frequency, and length of branching occurring in molecule. This
variation results in the different types of PE as shown in Fig. 9.15 [28]. There are
three basic types of PE, namely:
G

G

G

HDPE resin. The term HDPE is an acronym for high-density polyethylene. The typical
density of this resin is 0.950 g/cc and higher.
LDPE resin. The term LDPE is an acronym for low-density polyethylene. The typical
density of this resin ranges from 0.910 to 0.925 g/cc.
LLDPE resin. The term LLDPE is an acronym for linear low-density polyethylene. The
typical density of this resin ranges from 0.915 to 0.930 g/cc.

Fibre grade PE resins are mainly HDPE and LLDPE. Low MFR HDPE resins
are used for filament applications. Medium to high MFR LLDPE resins are used to
produce continuous fine denier filaments. Both spunbonding and meltblowing
require medium MFR PE resins. Typical range is 0.5 to 300 MFR.

9.7.2 Technical requirements of polyolefins in nonwoven
processes
The general characteristics of PP and PE resins are given in Table 9.2. All polyolefins must possess extrusion and melt-spinning characteristics in order to be used in
nonwoven applications. The extrusion and spinning characteristics of all polyolefin

Figure 9.15 Schematic of different types of PE.
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General characteristics of PP and PE resins for
nonwovens

Table 9.2

Polypropylene

Polyethylene

Density—0.91 g/cc
MFR range—121500
Melting point—160170 C
Highly crystalline
Good mechanical properties
Bonding temperature window is broad
Poor bondability to PE film
Poor drape due to high stiffness
Poor radiation stability
Moderate stability to UV

Density—0.910.98 g/cc
MFR range—0.5300
Melting point—120140  C
Varying degree of crystallinity
Moderate mechanical properties
Bonding temperature window is narrow
Excellent bondability to PE film
Excellent drape due to low stiffness
Good radiation stability
Moderate stability to UV

resins are quite distinct. It is known that PP resin is more difficult to extrude than
PE [29]. This is mainly due to high shear sensitivity of PP resin (Fig. 9.16) and to a
limited extent high melting point. Generally speaking, the output for PP from a
given size of extruder is lower than that of PE and has a greater tendency to surge
[29]. On the other hand, both PP and PE resins are relatively easy to spin into fine
denier filaments provided the resins have narrow MWD and appropriate MFR.
The following are the main characteristics of polyolefin fibres required for the
different nonwoven processes.

9.7.2.1 Dry laid
Polyolefins are used in dry-laid processes such as carding and air-laying to make a
variety of nonwoven products. Dry-laid nonwovens are made with staple fibres. Based
on the characteristics of staple fibre material, carding and air-laying parameters are
adjusted to make uniform web. Polyolefin fibres do not require any special preparation
or characteristics to be processed in dry-laid systems. The key physical parameters for
polyolefin fibres to be used in the dry-laid process are fibre staple length—0.51.5v
and fibre denier—1.53.

9.7.2.2 Wet laid
Polyolefins are used in wet-laid processes to make a variety of products such as
low-temperature liquid filters, heat sealing medium or heat sealing cover stock, etc.
Wet-laid processes require short staple fibres, which can be suspended in waterbased slurry without entanglements. Polyolefin fibres for the wet-laid fibres are
coated with a special coating so that the fibres are successfully suspended in a
water-based slurry during the wet-laying process. The key physical parameters for
polyolefin fibres to be used in the wet-laid process are fibre staple length—
0.751.25v, fibre denier—1.515, and ideal range is 1.56.
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Figure 9.16 Shear rate vs shear viscosity of PP and PE resins.

9.7.2.3 Polymer laid
Polyolefins are widely used in polymer-laid processes, such as spunbond and meltblown. The main polyolefin resin characteristics suitable for the production of
polymer-laid nonwovens are:
G

G

G

G

G

Melting point. Most PP resins melt at around 165 C. The PE resins melt at around
120140 C. The melting point directly affects the melt temperature during processing.
The higher the melting point, the higher the energy requirements.
Thermal bonding. Thermal bonding is a critical step in a spunbonding process. It provides
the structural integrity and drape characteristics to the finished product. PP has a broader
thermal bonding window than PE, mainly due to higher melting range and higher crystallinity. The thermal bonding range for PP is from 125 C to 155 C and for PE is from 90 C
to 110 C.
MWD. Both spunbonding and meltblowing processes require relatively narrow molecular
weight resins. The narrow MWD reduces the melt elasticity and melt strength of the resin
so that the melt stream can be drawn into fine denier filaments without excessive draw
force. The broad MWD increases melt elasticity and melt strength, which prohibit fibre
drawing, and therefore, a broad MWD resin is prone to produce fibre breaks due to draw
resonance (melt instability) phenomena.
Melt viscosity. Melt viscosity is a function of MFR and melt temperature. The melt viscosity has to be appropriate in order to form fine filaments. The suitable MFR range for
spunbonding process is 3080 and for melt blowing process is 301500.
Resin cleanliness. Due to the fine capillary diameter of spinneret in spunbonding and melt
blowing processes, it is important to have a resin with practically no contaminants. The
contaminants plug up the spinneret holes during the processing causing inconsistency in
the final product. Usually the contaminants are removed using a two-step melt filtration
system.
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9.7.3 Development in fibre grade polyolefins for nonwovens
Polyolefin technology is growing faster than any other polymer technology. There has
been some progress in the last 10 years in fibre grade polyolefins for nonwovens. In
order to understand the new developments in fibre grade polyolefin resins, we must
first understand the catalysts used in polymerizing these resins. In polyolefin
manufacturing, the monomers are reacted using a catalyst. All catalysts have reactive
sites enabling them to perform their function, i.e., linking individual molecules to form
a polymeric chain. Conventional catalysts, such as ZieglerNatta (ZN) have many
reactive sites located randomly on the surface of the catalyst, as shown in Fig. 9.17.
This produces different and varying polymers. The new catalyst system, which is
known as single site catalyst, also has many reactive sites, but all sites are identical.
This in turn gives identical polymers and eliminates variability of polymers [2,30,31].
The single site catalyst technology used by various companies is shown in Fig. 9.18
[32]. Evolution of different catalysts for polyolefin is given in Table 9.3 [33].
The most commonly used single site catalyst to manufacture polyolefin resins is
called metallocene catalyst. A number of companies all around the world are producing metallocene-based polyolefin resins as given in Table 9.4 [31]. The market
size of metallocene polyolefin is estimated to reach USD14.05 billion by 2021,
growing at 10.15% during the forecast period. The market is driven by increasing
global demand for quality resins, rise in packaging industry, food industry developments, and technological advances. The rising demand for metallocene polyolefin is
mainly due to its superior properties over the conventional polyolefin, which is the
major driving factor of this market [3438].
The metallocene-based resins offer a number of attributes, as described as
follows:
G

G

G

G

It lets us control the molecular structure of polyolefins.
It enables us to virtually eliminate nontargeted molecular weight species in resins.
It allows us to incorporate with greater precision comonomers and termonomers.
It offers greater control of MWD and comonomer incorporation than other types of
catalysts.

Figure 9.17 Schematic showing catalyst reactive sites.

Figure 9.18 Single site catalyst technology used by various companies [32].

Table 9.3
Initiators

G

Lowdensity
PE

Evolution of catalyst for polyolefin
Phillips
catalyst
G

G

Linear
PEs
Primarily
highdensity

ZN
catalysts
G

G

Linear
PEs
High
and low
density

Metallocene catalysts
First
generation
Controlled
architecture
PEs:
linear to
bimodal
Tailored
performance
improved
1990s

G

G

G

G

G

G

1930s

Table 9.4

1950s

1970s

Second
generation
Improved
film
processibility
Highstrength
repalcement
for high
pressure
2000s

G

G

Metallocene-based polyolefins manufacturer

Supplier

Material

AtoFina Petrochemicals
BP Chemicals
BASF
Dow Chemicals
DSM
Exxon-Mobil Chemicals
Hoechst AG
Mitsui
Novacor
Phillips 66
Total Petrochemicals
Ube
Union Carbide

PE and PP
PE
PE and PP
PE
PE
PE and PP
PP
PE
PE
PE
PE and PP
PE
PE

G

Third
generation
Extend
density range
Improved
product
performance

2010s
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Figure 9.19 Fibre diameter vs relative draw force of conventional and metallocene PP resin.
G

G

G

G

G

G

G

G

It leaves a small amount of catalyst residue in the finished product.
The fibre grade metallocene-based polyolefin resin for nonwovens offers the following
advantages over the conventional resin:
Finer denier fibres than conventional resins, as shown in Fig. 9.19
The optimum bonding temperatures in spunbonding are lower because of the lower melting point
Fabric strengths are comparable
Excellent spinning continuity
Can be spun at higher draw force
Substantial reduction in volatile deposits
A broader MFR range, especially for meltblowing.

9.8

Applications of polyolefin nonwovens

Polyolefin nonwoven fabrics are entering a continuously broadening field of applications with new products appearing almost daily. Although disposable surgical and
sanitary nonwovens were among the first to gain recognition, the diversity of applications and growth possibilities for new products lies principally in the area of
apparel applications, and durable and nondurable industrial fabrics. The uses of
polyolefin nonwovens can be classified as follows.

9.8.1 Sanitary and medical
Polyolefin is a material of choice for diaper coverstock, incontinence devices, and
operating theater gowns. This is mainly because of ease of processing and material
cost of polyolefins. SMS gown made from PP is a prime example. In medical applications, high-performance polyolefin nonwoven webs have replaced many traditional materials. The particular properties of nonwoven webs, which are responsible
for medical use, are breathability; resistance to fluid penetration; lint-free structure;
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sterilizability; and impermeability to bacteria [39]. The medical applications include
disposable operating room gowns, shoe covers, and sterilizable packaging.

9.8.2 Filtration
PP nonwoven filter media is widely used in air filtration applications. In fact, most
household filters are made from PP nonwoven filter media. 3M’s Filtrete filters are
a prime example.

9.8.3 Geotextiles
The nonwoven fabrics used for civil engineering are often called geotextiles. Nonwoven
geotextiles are expanded into a multiple of related uses, e.g., erosion control, revetment
protection, railroad bed stabilization, canal and reservoir lining protection, highway and
airfield black top cracking prevention, roofing, etc. The particular properties of nonwoven webs, which are responsible for this revolution, are chemical and physical stability,
high strength/cost ratio, and their unique and highly controllable structure, which can be
engineered to provide desired properties. Polyolefins are used in many of the geotextile
applications. Plastic netting made from PP is a prime example.

9.8.4 Automotive
Polyolefin nonwoven webs are used throughout the automobile in many different
applications. One of the major uses of nonwoven webs in automobile is as a backing for tufted automobile floor carpets. The nonwoven webs are also used for trim
parts, trunkliners, interior door panel, and seat covers.

9.8.5 Packaging
Polyolefin nonwoven fabrics are widely used as packaging material where paper
products and plastic films are not satisfactory. The examples include metal-core
wrap, medical sterile packaging, floppy disk liner, high-performance envelopes, and
stationery products. Tyvek envelopes made from PE are a prime example.

9.9

Future trends

The future of polyolefins in nonwovens is very bright and promising. We will see
increased use of polyolefins, especially PP in nonwovens due to their low cost and
ease of processing. The advancement in polymerization processes and catalyst technology, such as metallocene and new generation of ZN catalyst, will help polyolefins find new niche and specialty markets in nonwovens. The new family of
specialty polyolefin elastomer has made good impact on nonwoven applications,
such as elastic fastener for diapers and medical gowns [4042].
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10.1

Introduction

The physical and chemical testing of polyolefins and related product evaluation
and quality control are issues of paramount importance that continue to receive
considerable attention from producers, manufacturers, marketing companies, governmental and international agencies, as well as consumers. Indeed, there are many
standards organizations and publications [16] on the subject of the methodology
and specifications for testing and evaluation of polymers and textiles. In this chapter, we have focused on polyolefins and presented important physical and chemical
tests that impact the raw materials and facilitate the evaluation of the products for
various end uses and quality control regimes.
It is emphasized [7] that quality assurance (QA), is a broader term than quality
control in that it embraces all factors which have some relevance to quality and customer satisfaction. QA begins with involvement at the earliest stages of design,
communication with customers, through product development, purchasing, and
monitoring of raw materials, the manufacturing processes, testing and inspection of
the finished product, and right through to liaising with the customer after delivery
to ensure satisfaction. This ethos of quality management was detailed in BS 5750
and CEN 2900 and later culminated into ISO 9000.
Indeed, this meticulous QA system requires comprehensive specification
and documentation of the product being made, materials used, all manufacturing
processes, and the machinery used, including operative training, test methods,
standards required, and tolerances in addition to keeping clear records of results
and regular review and auditing of all procedures [7].
Recently, some manufacturers have moved toward adopting a blend of Lean and
Six Sigma and ISO 9000 as their QA strategy. Lean and Six Sigma concept is the
combination of two tool kits around process improvement that are essential to success in a company. Lean deals with improving the speed of a process by reducing
waste and eliminating non-value-added steps. On the other hand, Six Sigma
improves performance by focusing on those aspects of a process that are critical to
quality from the customer perspective and eliminating variation in that process.
Thus, the standards, documentation of functional processes, data orientation, and
Polyolefin Fibres. DOI: http://dx.doi.org/10.1016/B978-0-08-101132-4.00010-2
Copyright © 2017 Elsevier Ltd. All rights reserved.
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passion about quality that are all aspects of ISO 9000 fit well with a combined
Lean and Six Sigma approach to continuous quality improvement [8].
Shah [2] summarized the major reasons for testing as:
1.
2.
3.
4.
5.
6.
7.
8.
9.

to improve design concepts,
to provide a basis for reliability,
safety,
protection against product liability suits,
quality control,
to meet standards and specifications,
to verify the manufacturing process,
to evaluate competitor’s products,
to establish a history for new raw materials.

To insure that the test results are reproducible, the sampling techniques used and
the conditioning procedures must be clearly stated and meticulously followed.
For the majority of the tests on polyolefins, typical conditioning time varies
according to specimen thickness but the temperature and relative humidity %
(RH%) are kept constant, namely, for thickness of 0.025 inch (0.635 cm) and less,
the specimen should be conditioned for 40 hours whereas specimens greater than
0.025 inch thick should be conditioned for 88 hours at a temperature of 23 6 2 C
and relative humidity of 50 6 5%. The test methods must be detailed and all
requirements of the test must form an integral part of the specification. In recent
years, the trends and developments in metrology have their underpinnings on automation, speed, and advanced instrumentation. However, differences between test
results may still arise because of variations in test specimens and test conditions.
To minimize such variations, International Organization for Standardization (ISO)
has developed a series of specifications [2]:
ISO 10350:1993The acquisition and presentation of comparable single-point
data.
ISO 10403-1:1994The acquisition and presentation of comparable multipoint
data. Part 1—Mechanical properties.
ISO 10403-2:1994The acquisition and presentation of comparable multipoint
data. Part 2—Thermal and processing properties.

10.2

Testing and characterization of polyolefins

Polyolefins are often supplied as pellets or masterbatches. The additives and modifiers tend to alter the physical properties of the base material and compounders;
hence, manufacturers often include density and specific gravity values as part of
their product specification. Also, water absorption is of interest in plastics manufacture since a slight amount of water can significantly alter some key mechanical,
electrical, or optical properties. However, polyolefins are highly hydrophobic and
absorb merely 0.010% water. Water absorption characteristics of plastic materials
are altered by the addition of additives such as fillers, glass fibres, and plasticizers.
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These additives show a greater affinity to water, especially when they are exposed
to the outer surface of the molded article [2]. In the fibre or filament form, the
dimension of interest is the linear density in tex, or decitex, or denier.
A large number of processors are also concerned about variations in properties
and processability of the polymer due to batch-to-batch variations that could occur
because of variations in the size and weight of the polymer molecule. This
molecular-weight distribution can impact processability. Thus, due attention must
be paid during the polymerization process to insure against such variations in the
characteristics of the polymer. This also creates the need for the processors to have
in place adequate materials characterization tests, namely melt index (melt flow
rate, MFR), rheological tests, viscosity tests, gel permeation chromatography
(GPC), thermal analysis (for polymer and products), and spectroscopy. These tests
are discussed further in the following sections.

10.2.1 Density measurements
A detailed description of the density measurement based on the use of the density
gradient column has been given by Ugbolue [1]. The density of a plastic material is
defined as the weight per unit volume and is expressed in grams per cubic centimeter or pounds per cubic foot. A density gradient column can be either purchased or
constructed inexpensively as detailed elsewhere [9]. Density gradient analysis
(ASTM D 1505, ISO R 1183) consists of preparing a density gradient column, calibrating the column and then introducing the plastic material or polyolefin fibre
sample to the column for measurement of its density.
The column is a vertical tube containing two miscible liquids such that the density in the tube changes continuously from top to bottom. The column is calibrated
by immersing several glass floats of known density in the column and then plotting
their locations in the column vs their densities on graph paper to obtain a calibration line. The specimen of unknown density is dropped in the column and on reaching equilibrium its location is noted. Finally, the density of the polyolefin fibre is
determined by noting the density on the calibration curve corresponding to its location in the column [1]. Once the density (ρ) of the semicrystalline sample has been
measured, the fractional crystallinity, φ, can be determined as φ 5 ρρ 22ρρa , where ρa
c
a
is the density of a totally amorphous sample and ρc is the density of a totally crystalline sample.

10.2.2 Specific gravity (ASTM D 792)
Plastics are sold on cost per unit weight basis and their light weight/lower specific
gravity provides the main advantage over other materials. Specific volume is
defined as the ratio of the weight of the given volume of a material to that of an
equal volume of water at a stated temperature. Two methods are developed to determine the specific gravity of plastics depending on the form of the material. Method A
is used for a specimen in the form of sheet, rods, tubes, or molded articles. Method B
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is developed mainly for material in the form of molding power, flakes, or pellets.
The detailed procedure is given in ASTM D 792 and also described by Shah [2].
Polyethylene is one of the few crystalline polymers that will float on water. Its
specific gravity ranges from 0.91 to 0.96 and it is impervious to most common
solvents.
However, polyethylene can be dissolved in hot toluene or hot benzene. Also the
other polyolefin, polypropylene (PP), has a specific gravity of 0.90, floats on water,
and is soluble in hot toluene.

10.2.3 Linear density ASTM D 1577-07
These standard test methods cover the measurement of mass per unit length (linear
density) of textile fibres and filaments. Direct weighing and vibroscope procedures
can be employed. The results are expressed as tex, denier, or decitex as defined:
G

G

tex is the weight in grams of 1000 m of the polyolefin filament;
denier is the weight in grams of 9000 m of the sample and decitex is the weight in grams
of 10,000 m of the filament.

10.2.4 Melt index (ASTM D 1238-90b, ISO 1133-1981)
The melt index or MFR test is a common test applied to polyolefins to determine
the rate of flow of the thermoplastic material through an orifice of specific length
and diameter under specified temperature and load. The apparatus is reheated to a
specified temperature and the material loaded into the cylinder from the top and a
specified weight is applied on a piston, e.g., for PP, 230 C, 2.16 kg total load
including piston, and 298.2 kPa (43.25 psi) pressure. The material is allowed to
flow through the die and the appropriate cut of the extrudate is weighed and the
melt index calculated in grams per 10 minutes. Melt index is an inverse measure of
molecular-weight and a low-molecular-weight polyolefin polymer will have a high
melt index and vice versa [2].

10.2.5 Viscosity tests
To shape a thermoplastic polymer such as polyolefin, it must be heated so that it
softens to the consistency of a liquid. In this form, it is called a polymer melt.
Rheology is the study of flow and the important properties of polymer melts are
viscosity and viscoelasticity. Viscosity is the resistance to flow that is characteristic
of a given fluid.
In fact, viscosity of a thermoplastic polymer melt is not constant; it is affected
by flow rate. Viscosity of a polymer melt also decreases with shear rate, thus the
fluid becomes thinner at higher shear rates and at high temperature. Its behavior is
non-Newtonian. A fluid that exhibits this decreasing viscosity with increasing shear
rate is called pseudoplastic. This complicates analysis of polymer shaping processes
such as injection molding. Due to its high molecular weight, a polymer melt is a
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thick fluid with high viscosity. Most polymer shaping processes involve flow
through small channels or die openings. Flow rates are often large, leading to high
shear rates and shear stresses, so significant pressures are required to accomplish
the processes.
Rheological measurements facilitate the determination of molecular, elastic, and
physical properties of polymers, simulation of large-scale processing conditions, and
basic research and development. The instruments developed for measuring the flow
properties of polymers are known as rheometers [2]. These include the torque rheometer, the rotational rheometer/viscometer, and capillary rheometer. The spindle
viscometer belongs to the family of rotational rheometers and is one of the simplest
instruments to operate. (ASTM D 2393). The sample material is placed in the barrel
of the extrusion assembly, brought to temperature, and forced out through a capillary. The force required to move the plunger at each speed is detected by a load cell.
Shear stress, shear rate, and apparent melt viscosity are then calculated [2].

10.2.6 Gel permeation chromatography
GPC is a popular method for determining the molecular-weight distribution of a
polymer. The preference for GPC is because of its relatively low cost, simplicity,
and ability to provide accurate, reliable information about the molecular-weight distribution of a polymer. GPC is based on separation by molecular size rather than
chemical properties. It employs the principle of size-exclusion chromatography
(often referred to as SEC) to separate samples of polydisperse polymers into fractions of narrower-molecular-weight distribution. The details of the analytical procedure are given in several publications [2,1012]. For quality control, a master
chromatogram representing acceptable range of GPC profiles is kept in the data file
and subsequent samples are compared with this standard. Some internal correlations
can be established with respect to batch-to-batch uniformity and some information
about the processability and mechanical properties of the polyolefin.

10.2.7 Mechanical properties
In Chapter 3, The Structural Mechanics of Polyolefin Fibrous Materials and
Nanocomposites, Ugbolue discussed the mechanical properties of polyolefin fibres
and films and gave details of the procedure for determining the tensile properties of
polyolefin and nanocomposite fibres. In this chapter the principles and methods of
testing for the mechanical properties of plastics are presented. These methods may
be classified as follows.
Quasi-static tests (tensile and shear) are used to measure the force required to
cause a sample to strain, compress, or shear at a constant rate.
While tensile, compressive, or shear modes may be employed, tensile testing is
the most common [12]. In a typical tensile test, the polymer sample can be in the
form of a dogbone (dumbbell) as specified in ASTM D 1708 or polyolefin filament
of fixed gauge length (ASTM D 638). One end of the test sample is clamped and
the other end is pulled at a constant rate of elongation. As the sample is deformed
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the stress increases and a point in the linear relationship is finally reached when the
material begins to yield.
The yield point (or elastic limit) can be identified by the change in slope at the
upper end of the linear region. Yield point marks the beginning of plastic
deformation.
From the plot of the stressstrain response, various parameters, e.g., Young’s
modulus or initial modulus, tensile strength (MPa or g/denier), extension at break
%, and secant modulus are determined. For an ideal elastic solid, Hooke’s law provides the relationship between stress (σ) and strain (ε) for tensile deformation as
σ 5 Eε, where E is the tensile (or Young’s) modulus. E is a measure of the inherent
stiffness of a material. Conversely, the strain and stress are related by the tensile
compliance, J, defined as ε 5 Jσ.
Thus, for tensile deformation, the compliance is the reciprocal of the modulus:
J 5 E1 .
Other parameters of interest include: (1) the determination of the area under the
stressstrain curve which is a measure of the overall toughness of the polymer, and
(2) the work of rupture which is the energy needed to break the material or ability
of the material to withstand sudden shocks of given energy. A polyolefin polymer
like polyethylene is a tough plastic, which is semicrystalline, with the amorphous
portion above the Tg (glass transition temperature). Typically polyolefin exhibits a
yield point, followed by extensive elongation at almost constant stress. This is
referred to as the plastic flow region and a region of nonlinear viscoelasticity.
Extension at constant stress in the plastic flow region is often known as cold drawing. Finally, the polymer strain hardens, then ruptures. Plastic deformations and
yielding of isotactic PP have been the focus of attention in the past decade, as
reflected in various references [1321], to mention a few.
Table 10.1 gives details of some properties of polyolefins. Fig. 10.1 shows the
general effect of temperature on strength and ductility while Fig. 10.2 illustrates the
typical shear stress-strain curve from a torsion test.
1. Transient tests (creep and stress relaxation) measure the time response of the force (or
stress) on a polymer sample. In a stress relaxation experiment, the sample is rapidly
stretched to the required length, and the stress is recorded as a function of time. The
length of the sample remains constant, so there is no macroscopic movement of the body
during the experiment. In a creep experiment, a constant stress is applied to a sample, and
the dimensions are recorded as a function of time. Frequently stress relaxation experiments are reported as time-dependent modulus, E(t), whereas creep experiments are
reported as the time-dependent compliance, J(t) [22].
2. Impact tests (Izod and Charpy) provide a measure of the energy required for a sample to
fail under different loading histories. Overall, impact strength tests are measures of toughness or the ability of a specimen to withstand a sharp blow. Toughness is defined as the
energy required (or absorbed) to break a sample, i.e., the area under stressstrain curve.

Impact strength tests are of two main categories: falling-mass types (for bulk
specimens) and pendulum types (for films). These impact testers may either be noninstrumented (conventional) or fully instrumented (for advanced testing and
research). The pendulum impact tests include the Izod impact test and the Charpy

Table 10.1

Selected properties of polyolefin plastics and fibresa

Properties

Low-density polyethylene,
LDPE

High-density polyethylene,
HDPE

Polypropylene,
PP

Polyolefin
fibre

Density, g/cm3

0.940.97
Floats in water
8095

149301

0.900.95
Floats in water
7082
210 to 220
150176
8.79
60149
90
68104

0.90

Crystallinity, %
Glass transition temperature, Tg C
Melting temperature,  C
Heat of fusion, KJ/mol
Heat deflection temperature HDT,  C
Continuous use temperature,  C
Coefficient of thermal expansion,
1024 m/m/K
Ultimate tensile strength, MPa

0.910.94
Floats in water
5070
2120 to 2125
100129
7.87
29126
100
160198
517

2138

2441

Extension at break, %
Elastic or Young’s modulus, GPa

100700
0.140.28

20130
1.1

200600
1.01.6

4.978.93
(g/denier)
1530%
29.445.2
(g/denier)

Impact strength
Notched Izod, J/m
Hardness values Durometer,
shore D
UV resistance

854

271068

27107

4050

6070

7585

Poor; must be stabilized

Poor; must be stabilized

480
2.3

2.9

Poor; must be
stabilized
650
0.81

Dielectric strength, V/mil
Thermal conductivity
BTU/(h) (ft2) ( F/in.)
a

Data collected from Refs. [2,10,12,2225].

108135
40152
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Tensile
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Yield
strength

Ductility
(% elongation)
Temperature

Figure 10.1 General effect of temperature on strength and ductility [23].

Fracture

Shear stress, τ

Shear
strength

Plastic region

Yield point
Elastic region:
τ = Gγ

Shear strain, γ

Figure 10.2 Typical shear stressstrain curve from a torsion test [23].

test. Details of the principles and test procedures are given elsewhere [2]. The
objective of Izod impact test (ASTM D 256) is to measure the kinetic energy
required to break a notched sample under standard conditions.
The force required to break the sample is calculated from the height and weight
of the pendulum used for the test. The impact strength is obtained by dividing the
impact values obtained from the scale by the thickness of the specimen. The Izod
value is useful when comparing samples of the same polymer but is not a reliable
indicator of toughness, impact strength, or abrasive resistance.
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The Izod test requires a specimen to be clamped vertically and is struck by a
swing of a pendulum released from a fixed distance from the specimen clamp.
Similar setup is used in the Charpy test except that the specimen is not clamped.
Furthermore, an unnotched or oppositely notched specimen is employed in the
Charpy test (ASTM D 4812). The Charpy test is preferred for testing polyolefins
(polyethylene and PP).
Impact properties of polymers are modified by adding impact modifier, e.g., butadiene rubber or certain acrylic polymers; the addition of plasticizer also improves
impact behavior at the cost of rigidity. Polyolefin elastomers are made based on
statistical copolymers of ethylene and propylene to form ethylenepropylene
diene monomer in which the diene portion serves as a cross-linking site, and its noncross-linking counterpart, ethylenepropylene monomer.
Polymers subjected to impact loading fracture in a characteristic fashion. The
crack is initiated on a polymer surface due to the impact loading. The energy to initiate such a crack is called the crack initiation energy. If the crack exceeds the crack
initiation energy, the crack continues to propagate. A complete failure occurs when
the load has exceeded the crack propagation energy. Thus crack initiation and crack
propagation contribute to the measured impact energy.
1. Cyclic (fatigue tests):
During fatigue testing, the number of cycles (N) of applied strain at a given level of stress
that a sample can sustain before complete failure is determined. The number of cycles to
failure is referred to as the fatigue life. Data are often plotted as stress vs the logarithm of
N for each sample.
Generally tests are carried out using about two-thirds of the static parameter value.
However, there is some limiting stress level below which fatigue does not occur (over
some extended time) and this value is known as the fatigue or endurance limit. The
fatigue endurance limit is generally between 25% and 30% of the static tensile strength
for most polymers. The fatigue strength is defined as the stress at which failure will occur
for some specified number of cycles [10,12]. The fatigue life decreases with increasing
frequency of oscillation and as temperature is decreased [12]. The fatigue resistance data
provide practical basis in the design of gears, tubing, hinges, parts of vibrating machinery,
and pressure vessels under cyclic pressures. Three basic types of tests may be used to
study fatigue behavior of polyolefins and other plastics, namely flexural fatigue test,
tension/compression fatigue test, and rotating beam test.
2. Hardness tests
Hardness is a general term which describes a combination of properties such as the
resistance to penetration, scratching, marring, and abrasion. With respect to solid materials, hardness is the resistance to penetration and indentation or the ability of the material to resist compression, scratching, and indentation. Two of the most commonly used
tests for plastics, especially polyolefins, are the Rockwell and the Durometer hardness
tests.
The Rockwell hardness test measures hardness in progressive numbers on different
scales corresponding to the size of ball indentor used; scale symbols correspond to the
loads of 60 and 150 kg. Creep and elastic recovery factors are involved in determining the
Rockwell hardness. Thus, Rockwell hardness is not a good measure of wear qualities or
abrasion resistance.
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A Durometer is used to measure the penetration hardness of elastomers and soft thermoplastics (ASTM D 674). The Durometer test method is based on the penetration of a
specified indenter forced into the material under specified conditions.
Also, related to hardness is abrasion resistance which is a measure of the resistance to
the process of wearing away a surface of a material. Abrasion test (ASTM D 1044) uses
abrader against the surface of the material under specified conditions and noting the relative amount of weight loss.
3. Thermal analysis
In general, unsaturated polyolefins are susceptible to attack by oxygen and by ozone. The
combined effect of light and oxygen (photooxidation) and the action of ozone (ozonolysis)
on the degradation of polymers can lead to the formation of intermediate cyclic ozonide
structure. During processing, several additives including stabilizers, antioxidants, and flame
retardants are introduced into the polyolefins to improve several properties including thermal properties. Polyethylene and PP degrade by random homolytic cleavage of the polymer
chains which may result in a complex mixture of low-molecular-weight degradation products [12]. To assess the efficiency of enhanced additives on the thermal properties of polyolefins, thermal analysis techniques are applied. Thermal analyzers are used to evaluate the
fitness of polymeric and other materials for particular end use and to troubleshoot processing problems [2]. The commonly used thermal analysis techniques are:
a. Differential thermal calorimetry (DSC)
b. Thermogravimetric analysis (TGA)
c. Thermomechanical analysis (TMA)
The principles of these thermal analysis techniques are exhaustively covered in many
references [2,911,22,26].
In DSC, the heat flow rate to the sample is measured while the temperature of the samples, normally in a nitrogen environment, is programmed. Possible determinations from
the DSC plot include heat of transition, heat of reaction, sample purity, phase diagram
(glass transition, Tg) specific heat, sample identification, percentage incorporation of a
substance, reaction rate, rate of crystallization or melting (melting point, Tm), solvent
retention, and activation energy [10].
In TGA a sensitive balance is used to follow the weight change of a polymer as a
function of time or temperature. Usual sample sizes are in the range of 0.110 mg with
heating rates of 0.150 C/min. TGA is a useful tool for monitoring polymers containing
different levels of additives by measuring the degree of weight loss. However, TMA measures the mechanical response of a polymer as a function of temperature. TMA is usually
accomplished by determining the glass transition temperature, the coefficient of expansion, and the elastic modulus, and the TMA data also correlate with the Vicat softening
point and the heat distortion temperature.
4. Spectroscopic techniques
Sometimes it may be necessary to identify polymeric materials positively. Often simple
identification techniques such as melting point test, solubility test, and specific gravity
test will suffice as given in Table 10.2. But in some cases, specialized equipment and the
following advanced techniques are needed to complete the identification:
a. Fourier transform infrared spectroscopy (FTIR)
b. Chromatography (gel permeating chromatography is more popular for plastics including polyolefins as described in Section 10.2.6)
c. X-ray analysis
d. Microscopy, including scanning electron microscopy (SEM) and transmission electron
microscopy (TEM).

Table 10.2

Summary of typical observations for polyolefin and other textile fibres

Fibre

Burning characteristics

Burning odor

Polyethylene

Burns quickly with a blue
flame with yellow tip.
Drips while it burns.

Gives off a
paraffin odor
similar to a
burning
candle.

Polypropylene

Melts and burns with
steady flame. Clear
flame, no smoke.
Looks like melting
glass. Melted portion is
clear.
Burns and shrinks from
the flame.

Very little odor.
Slight celery,
odor.

Hard, turns opaque.

Gives off smell
like burning
hair (burning
protein).

Hard

Cotton

Burns with a flame. Has
an afterglow.

Burning paper.

Black and powdery.

Cellulose
acetate

Burns slowly with yellow
flame, drips.

Gives off odor of
vinegar.

Black smoke with
soot.

Wool

Burning ash

Microscopy
and/or other
physical effects

Solubility

Distinguished by
melting point,
LDPE
100129 C;
identified by
FTIR.
Positively
identified by
FTIR.

Insoluble in cold H2SO4
but soluble in hot
toluene and hot
benzene.

Easily recognized
in the
longitudinal
direction
because of the
typical scales.
Has irregular
convolutions in
longitudinal
view.
Positively
identified by
FTIR.

Insoluble in cold H2SO4
but soluble in boiling
per chloroethylene.

Wool can be dissolved
in 10% NaOH for
20 min.

Soluble in acetone.

(Continued)

Table 10.2

(Continued)

Fibre

Burning characteristics

Burning odor

Burning ash

Microscopy
and/or other
physical effects

Solubility

Polyester

Melts and burns with a
sputtering flame. Gives
off thick black smoke.

Faintly sweet,
slight
geranium
odor.

Hard, black, round,
and shiny.

Identified by
DSC and FTIR.

Nylon

Melts and burns with
sputtering flame. Gives
off white smoke.
Very slow to ignite.
Will not support
combustion. No
melting. Material chars
and curls up.
Melts and burns rapidly.
Sputtering flame. Mick
black smoke.

Burning garbage.

Hard, round, gray, or
brown, shiny.

Identified by Tm
and FTIR.

Can dissolve in a 50%
trichloroacetic acid in
chloroform at room
temperature for
15 min, liquor ratio
1:50.
Polyamide 66 can
dissolve in formic
acid.

Faintly sweet.

Black, dull finish
crushes into black
powder.

High-resistant
aramid;
decomposes
about 370 C.

Faintly sweet,
slight “hot
iron” odor.

Resembles burned
head of wooden
match; crucibles
into black or
brownish orange
powder.

Can be positively
identified by
FTIR.

Nomex

Acrylic

Soluble in toluene.
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The principles and procedures involved in the use of FTIR have been described
elsewhere [2,10,22,27]. FTIR is widely used to identify many materials for product
monitoring and quality control. It provides a measure of the specific interactions
occurring between polymer segments. For most polymers, the most important infrared region has been the stretching from 2.5 to 50 μm (4000200 cm21). Infrared
spectra are obtained by passing infrared radiation through the polyolefin sample
and observing the wavelength of absorption peaks. These peaks are caused by the
absorption of the electromagnetic radiation and its conversion into specific molecular motions, such as CH stretching [22].
X-ray diffraction (XRD) is the widely used technique of polymer characterization that can provide some information about both the crystalline and amorphous
states. Wide-angle X-ray scattering (WAXS) is used to study large-scale morphological features (101024 Å) [12]. WAXS is used for the determination of fractional crystallinity as well as crystalline dimensions. Also, X-ray fluorescence
spectrometry, namely wavelength-dispersive (WDXRF) and energy-dispersive
(EDXRF), is used for qualitative and quantitative identification of additives used in
a variety of polymers.
Optical microscopy can be invaluable in providing information about surface
morphologies of polyolefins. Advanced microscopes include the SEM and TEM.
In SEM, electron beam acts as the sensing radiation in place of light and the
surface of the polymer is scanned. The image collected represents the contour of
the scanned material. The polymer surface has to be conductive and this is
achieved by applying a thin film of conductive gold coating. Magnifications up
to 50,000 are obtained. TEM, on the other hand, utilizes an image formed by an
electron beam that passes through the sample. This facilitates the determination
of microstructures at the atomic level and magnifications up to one million are
possible [10].

10.3

Selected product analysis and performance
evaluation: Case study on polyolefin
nanocomposites

The details of experimental procedures presented in this section are part of our
supervised research investigations by Mani et al. [28] and Toshniwal et al. [29].
Specifically, the section provides topical case studies on polyolefin product analysis
and performance evaluation.

10.3.1 Preparation of polyolefin nanocomposites
PP nanocomposites are prepared by combining solution techniques and melt
mixing. Five percent owp (on the weight of polymer) of C-15A is dispersed in
xylene and ultrasonicated for 1 hour as described elsewhere [28].
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The recommended ultrasonication parameters [28] are 90% amplitude, 8-second
pulse on, and 4-second pulse off. Titanate coupling agent is added into the (xylene 1
C-15A) mixture and then ultrasonication continued for 15 more minutes. PP pellets
are then added and dissolved in xylene mixture. The mixture is heated to 170 C
under ultrasonication and the preparation of composite is finished by evaporating
xylene. Afterward, the prepared nanocomposite is mechanically broken and mixed
well in the Brabender plasticorder melt mixer. The variable parameters used in the
mixer are as follows: speed of the screw at 35 and 70 rpm for the time period of
30 minutes and 2 hours at 170 C. Nanocomposite films of 400 μm thickness are prepared by using Carver laboratory press afterward.

10.3.2 Characterization of polyolefin nanocomposites
WAXS is conducted at ambient temperature on a Rigaku rotating anode diffractometer with Cu Kα radiation of wavelength 1.54 Å and an accelerating voltage of
60 kV. Montmorillonite clay particles have been studied [28] as powders and the
nanocomposites are studied as 400 μm thin films. A high-resolution TEM, JEOL
2010F, operating at 200 kV, with a point resolution of 1.9 Å and lattice resolution
of 1.4 Å, is used to observe the physical state of clay particles in the nanocomposites. For TEM sample preparation, a diamond blade is used to scratch the small
specimen pieces from the bulk sample. These small pieces are then grounded in an
agate mortar with acetone. The acetone suspension is then pipetted onto a carboncoated Cu grid. This prepared sample is used for TEM observation. For example,
the characterization of the nanocomposite films prepared with a mixer running at
70 rpm for 2 hours at 170 C showed increased d-spacing and a large number of
single-layered exfoliated platelets compared to the films prepared at 35 rpm for
30 minutes.

10.3.3 TEM images and their interpretations [28]
As a result of the large number of defects (surface pores, fissures, cracks, and
voids) inherent in the mined clay particles, the intercalation stability of the clay
particles is very low when compared to the highly stable graphite intercalate
compounds. When the intercalants enter the clay galleries, the strain becomes very
high in the defects and will ultimately result in exfoliation and can be observed in
the TEM images.
Several TEM images at various magnifications are taken [28] for characterizing
the nanocomposites. Fully exfoliated morphologies in the prepared nanocomposites
are observed. Mani et al. [28] have observed that majority of the nanocomposites
are filled with many exfoliated platelets and can be defined as intercalated by using
XRD, because there is an observed increase in d-spacing as compared to the original clay d-spacing. The TEM image of the nanocomposites clearly indicates that
the clay layers are not strictly flat: they are wrinkled, bent, or oriented toward one
direction, which can be considered as a good sign for extruding a nanocomposite
fibre. Three zones of a high-resolution TEM images are enlarged to show the
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Arrowhead indicates
exfoliated single platelets

Multilayered
crystallites

20 nm

Figure 10.3 High-resolution TEM image of C-15A/PP nanocomposite [28].

existence of intercalated tactoids. The numbers of layers in the intercalated tactoids
are found to be around four, which supports the assumption based on XRD results
[28]. Though all the TEM images greatly favor the significant existence of singlelayered platelets (exfoliated), yet a representative image shown in Fig. 10.3 highlights the intercalated/exfoliated nanocomposites. The images confirm the existence
of intercalated tactoids as well as exfoliated platelets.

10.3.4 Antimicrobial activity of polyolefin nanocomposite
films [29]
10.3.4.1 AATCC Test Method 100-1999
To determine the effect of adding montmorillonite modified with quaternary ammonium compound into the PP polymer matrix, the antibacterial activity of nanocomposite films is evaluated [29]. The antibacterial tests are performed using AATCC
Test Method 100-1999.

Test bacteria
1. Staphylococcus aureus, American Type Culture Collection No. 6538. Gram-positive
organism.
2. Klebsiella pneumoniae, American Type Culture Collection No. 4352. Gram-negative
organism.

Sample preparation
The films are cut to 3 cm 3 5 cm in size and they are then sterilized by washing
them in 100% ethanol followed by overnight drying in a laminar flow hood.
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Test procedure
The test samples and controls are challenged with 20 μL of the inoculum. The inoculum is nutrient broth containing 12 3 105 colony forming unit (CFU)/mL of test
organism. The inoculum is prepared by diluting a broth with the turbidity equivalent
to a 0.5 McFarlane standard (1.01.5 3 108 CFU/mL). To increase the contact
between the inoculum and the hydrophobic films, the inoculum is sandwiched
between layers of the film. Ten microliter of inoculum is added to the first layer of
film, and a second film is placed on top of that. Ten microliter of inoculum is placed
on the second film, which is covered with the third film. The sandwich is created on
the bottom of a sterile 100 mm petri dish and the cover of petri dish is inverted and
used to cover the sandwich. A weight of approximately 280 g is placed on the petri
dish with sandwich in order to ensure intimate contact of the inoculum with the film.
Inoculated samples are then incubated for 1824 hours. After incubation samples are
washed in 20 mL of sterile water. For control films, 1 and 10 μL volume of the wash
solutions is plated on suitable agar plates. For nanocomposite test specimens, 10 and
100 μL volume of the wash solutions is plated on suitable agar plates. Viable organisms created colonies of the bacteria that are then counted. Percentage reduction in
number of bacteria is calculated using the following equation:
R5

ðB 2 AÞ
3 100
B

(10.1)

where R 5 % reduction, A 5 the number of bacteria recovered from the inoculated
nanocomposite test specimen, and B 5 the number of bacteria recovered from the
inoculated control test specimen.

10.3.4.2 Agar diffusion test
In order to determine that the antibacterial properties of the nanocomposite films are
due to surface contact of bacteria with the films not due to the leaching of quarternary
ammonium compounds (QACs), agar-diffusion tests are performed with nanocomposite
and neat PP films. The dimensions of the test specimens are same as used for sandwich
method, i.e., 3 cm 3 5 cm. In order to perform the test, 150 mm agar plates are inoculated evenly by streaking them with a sterile swab soaked in physiologic saline containing 11.5 3 108 CFU/mL of test organism. After the agar plates are inoculated, the
presterilized neat PP and nanocomposite films are aseptically placed on them. To
ensure the contact of the films with the inoculated plate surface, the specimens are
tamped with a sterile swab. The plates are then incubated for 1824 hours. After incubation the plates are observed for any zone of inhibition surrounding test specimens.

10.3.5 Antibacterial activity of nanocomposite fibres [29]
10.3.5.1 Dynamic shake flask test (ASTM E 2149)
In order to test the antibacterial activity of nanocomposite fibres, ASTM Test
Method E 2149 is used. This method is also known as dynamic shake flask test.
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The nanocomposite and neat PP filament’s hanks weighing approximately 2 g are
used as the test specimens. The specimens are sterilized using 100% ethanol followed by overnight drying in a laminar flow hood. Sterile test specimens are then
aseptically transferred to 15 mL sterile culture tubes containing 7 mL of the inoculum. The inoculum used is nutrient broth containing 11.5 3 105 CFU/mL of test
organism. The caps of the culture tubes are screwed and the tubes are placed in vortex stirrer. The stirrer along with the tubes is placed in incubator for 1824 hours.
Suitable dilutions of inoculum are plated on the agar plates in order to count the
bacterial number before incubation. The inoculum is taken from a sample tube containing neat PP fibres. After incubation the number of bacteria in the inoculum for
tubes containing neat specimen and nanocomposite specimen are counted by plating
them on suitable agar plates.

10.3.5.2 AATCC Test Method 100
In order to evaluate the antibacterial activity of nanocomposite fibres using
AATCC Test Method 100, knitted fabrics are constructed out of the continuous filament yarns. Knitted fabric made using neat PP fibre is used as control. Since the
knitted structure is too loose to hold the inoculum, stuffing loose fibres between
fabric layers and thermally sealing the edges, a mesh structure is obtained. For each
mesh the loose fibres and fabrics used are of the same kind, i.e., neat fibres were
stuffed in fabric constructed of neat fibres and nanocomposite fibres were stuffed in
fabrics constructed of nanocomposite fibres. The meshes were sterilized using
100% ethanol followed by overnight drying under a laminar flow hood. The nanocomposite and neat fibre meshes were inoculated with 1 mL of inoculum in 150 mL
wash bottles with screw caps. The inoculum used was nutrient broth containing
11.5 3 105 CFU/mL of test organism. The bottle caps are screwed and the bottles are incubated for 1824 hours. After incubation 100 mL of sterile water are
added to individual bottles. After vigorous shaking the wash solution is diluted and
plated on suitable agar plates. These agar plates are then incubated. After incubation the bacterial colonies on the plates are counted.
Since the meshes used in above-mentioned test are hydrophobic and are not
absorbing the inoculum, the inoculum broth is replaced with inoculum slurry. Two
types of inoculum slurries, with and without surfactant in them, are prepared. The
slurries are prepared as mentioned in AATCC Test Method 100.
In another set of experiment, layers of nanocomposite and control knitted
fabrics are inoculated with 20 μL of inoculum. Inoculum used is broth containing
11.5 3 105 CFU/mL of test organisms. The fabric layers are sandwiched
between two 4% clay loaded nanocomposite films in order to ensure intimate contact of the inoculum with the test specimen. The test setup is same as used for the
films, i.e., samples are inoculated in petri dish with its lid laying upside down on
sandwich and a load of 280 g is placed over it. After 1824 hour incubation the
sandwiches are washed in 20 mL of wash solution. Dilutions of wash solutions are
plated on suitable agar plates. After incubating the agar plates overnight bacterial
numbers are counted.
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Since the nanocomposite films used to sandwich the fabric specimens seem to
interfere with the test, the same experiment is repeated with neat PP film instead of
4% clay loaded nanocomposite films.

10.3.6 Thermal degradation of QACs on montmorillonite
10.3.6.1 Thermogravimetric analysis
The melt processing of nanocomposite films and fibres is performed at different
temperatures. To determine any loss of quaternary ammonium modification from
the clay surface as a function of temperature, TGA is performed. TGA provides the
weight change of the sample as a function of increasing temperature. The loss in
quaternary ammonium compounds from the clay surface is determined at two temperatures: 170 C and 191 C, which are processing temperatures for films and
fibres, respectively. The clay samples are heated to 170 C and 191 C and are held
isothermal at these temperatures for 30 minutes. The tests are performed on TGA
Q500 model obtained from TA Instruments Inc. All of the tests are conducted in an
inert nitrogen atmosphere. The clay samples weighing 510 mg are loaded onto
platinum panes. The test conditions are 10 C/min ramp to the preset temperature
and isothermal at the temperature for 30 minutes. The samples are then cooled
down to room temperature before they are unloaded from the machine. The graphs
obtained from the experiments are analyzed with the help of Universal Analysis
software to obtain percent weight loss at given temperature.

10.3.6.2 Volumetric analysis
Volumetric analysis is used to determine the percentage concentration of quaternary
ammonium compound on the clay surface. The analysis is performed on as received
modified clay, as received unmodified clay, clay exposed to 170 C and the clay
exposed to 191 C. The method used is as follows: perchloric acid titration with
acetic anhydride as solvent; 500 mg of the clay is weighed into the titration vessel
to which 40 mL of acetic anhydride is added. After properly dispersing the clay particles, a few drops of 0.5% malachite green solution are added. The solution is
titrated with 0.1 N perchloric acid and the end point is recorded. The end point is
bluish-green to yellow. The titration is repeated 10 times for each clay type.

10.3.7 Performance evaluation of dyed PP nanocomposites
10.3.7.1 Wash fastness
To evaluate the color fastness of dyed fibres to laundering, AATCC Test Method 61,
Test No. 2A is performed on the neat PP and PP nanocomposites (2%, 4%, and 6%
nanoclay) fibres dyed at 4% shade on the weight of fibres [29]. This is an accelerated
test designed for evaluating the color fastness of textiles that are expected to withstand frequent laundering. The color loss resulting from the detergent solution and
abrasive action of five typical home laundering are closely approximated by one
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45 minutes test. Specimens are laundered under regulated conditions of temperature,
alkalinity, bleaching, and abrasive action.

Apparatus and materials
1. Laundering machine (Atlas Launder-Ometer) consisting a thermostatically controlled
water bath and a rotating shaft (40 6 2 rpm) to support 500 mL stainless steel lever lock
canisters.
2. Stainless steel balls approximately 0.6 cm in diameter.
3. A multifibre adjacent strip, consisting of acetate, cotton, polyamide, polyester.
4. Polyacrylic, silk, viscose, and wool.
5. AATCC Standard Reference detergent without optical brightener.
6. AATCC Gray Scales and AATCC Chromatic Transference Scale for assessing color
change and staining, respectively.

Test procedure
One hundred and fifty milliliter volume of liquor was prepared with 0.15% AATCC
standard detergent in it. The test specimens are stapled to multifibre strips and the
test specimen along with the 50 stainless steel balls are placed into the test container and the wash liquor was added. The canisters are closed tightly with the
Teflon fluorocarbon gaskets and placed in the Launder-Ometer. The machine is preheated to 49 C and allowed to run for 45 minutes at the same temperature. The
samples along with the multifibre strips are taken out and rinsed twice for a few
minutes in water at 40 C. The samples are then allowed to dry and the rate of color
change of test specimen is evaluated using AATCC Gray Scale. The staining on
multifibre strips is evaluated using AATCC Chromatic Transference Scale.

10.3.7.2 Light fastness
When textiles are exposed to light, the light tends to destroy the coloring matter
and results in “fading” of textiles. With the action of light, dyed materials change
color—usually becoming paler and duller. The AATCC Test Method 16A is
intended for determining the resistance of colored materials to the action of an artificial light source representative of natural daylight D65. Principally, a specimen
and a blue reference are exposed to artificial light under prescribed conditions. The
color fastness to light is assessed by comparing the change in color of an exposed
portion of specimen to the control masked portion of the test specimen or unexposed original material using AATCC Gray Scale for color change. Light fastness
classification is accomplished by evaluation of specimens vs a simultaneously
exposed series of AATCC Blue Wool Lightfastness Standards. Test is performed
on the neat PP and PP nanocomposites (2%, 4%, and 6% nanoclay) fibres dyed at
4% shade on the weight of fibre.

Apparatus and materials
1. AATCC Fading Unit (AFU) can be defined as a specific amount of exposure made
a. under the conditions specified in various test methods where one AFU is one-twentieth
(1/20) of the light-on exposure required to produce a color change equal to step 4 on
the gray scale for color change.
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2. L4 AATCC Blue Wool Standard of Fade for 20 AFU.
3. Test masks made of material approaching zero light transmittance, and suitable for
a. multiple exposure levels, such as 10, 20, and 40, etc. AFU.
4. Carbon-Arc Lamp Fading Apparatus.
5. AATCC Gray Scale for color change.

Test procedure
The instrument is initially calibrated to find the number of AFU it takes for the L4
AATCC Blue Wool Standard to achieve a gray scale rating of 4. For this purpose
the L4 Standard is inserted in test mask and faded for 20 hours under set conditions.
After 20 hours the L4 Standard is evaluated under Daylight Exposure Cabinet to
confirm that a gray scale rating of 4 is maintained. Thereafter, the test specimens
are inserted into the test mask and are placed into the holders. The machine is
allowed to run and the test specimens are faded in an increment of 20 hours. The
samples are exposed unless the contrast between the exposed and unexposed parts
is observed to be equal to gray scale grade 4. The exposure is terminated if the sample did not fade to gray scale rating of 4 even after 80 hours. Based on exposure
time and gray scale rating of the test specimens fading light fastness are rated.

10.3.7.3 Crock fastness
To determine the action of rubbing, AATCC Test Method 8 is used to evaluate the
amount of color transferred from the surface of PP nanocomposites fibres onto
other substrates when rubbed against the substrate. The test is performed on neat PP
and PP nanocomposite (2%, 4%, and 6% nanoclay) fibre samples dyed at 4% shade
on the weight of fibre. Both dry and wet crock fastness are determined.

Apparatus and materials
1. AATCC Crock meter
2. Rubbing cloth against which the samples are tested consists of desized, bleached, unfinished cotton cloth cut into 5 cm 3 5 cm dimension square.
3. AATCC Chromatic Transference Scale and Gray Scale for staining.
4. White AATCC Textile Blotting Paper.
5. Specimen holder for Crock Meter.
6. Test specimens were prepared by closely wrapping dyed fibres on a 4 cm 3 10 cm dimension cardboard pieces.

Test method
For both the dry and wet crock fastness test, the specimens are placed horizontally
resting flat on an abrasive cloth. The purpose of the abrasive surface is to prevent
sample slippage while rubbing. The white rubbing cotton cloth square is clipped to
the finger of the Crock meter to hold it in place while testing. The handle is then
dropped to make contact between specimen and rubbing cloth. The crank is manually rotated for 10 complete rubbing rotations with the rate of one rotation per second. In the wet crock fastness test, the same procedure is followed; except that the
rubbing cloth is wetted and squeezed using AATCC Blotting Paper to make sure it
contains 0.65 times water of its own weight. The wet rubbing cloth is dried before
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evaluation. The rate of color change of the specimen is evaluated using AATCC
Gray Scale and the amount of color transferred onto the rubbing cloth is determined
using AATCC Chromatic Transference Scale.

10.3.8 Summary on product performance evaluation
Depending on the end use of polyolefins, e.g., medical applications, automotive,
and other industrial textile uses, specific properties may be required. For example,
improved flammability, antimicrobial properties, durability, enhanced electrical
conductivity, better service, and environmental service cracking resistance may be
desired. Irrespective of the specified properties, manufacturers have to engineer and
process their products to meet the requirements. Also, the willingness to perform
acceptable and effective evaluation of the products will ensure that the customers’
specifications are consistently being met. In this way, the manufacturer will earn
the necessary goodwill of the customer that will propel the much desired profitability in the industry.

10.4

Evaluation of auxetic textile structures

Recent research in the area of auxetic textiles has shown mechanical improvements
over traditional fabrics. These efforts [3042] have mainly focused on the initial
production of auxetic fibres and filaments, which are then woven into fabrics to
achieve the macroscopic auxetic properties. Whereas promising properties have
been measured, this approach is limited due to the time consuming and expensive
production of individual auxetic fibres. In contrast, our team [4351] at the
University of Massachusetts, Dartmouth (UMD), has pioneered the fabrication of
auxetic warp knit fabrics using inexpensive, commercially available nonauxetic
yarns. The UMD technique provides a faster means of producing auxetic fabrics
using nonauxetic yarns by exploiting knowledge of fabric geometry, design, and
structural mechanics. The main advantages of our approach over competitive auxetic fabrics are improved productivity, fabric versatility, performance, and speed of
warp knitting production resulting in a more cost-effective and efficient manner
than by weaving especially when conventional weaving looms are being used.
The auxetic materials produced at UMD have significant advantages compared
with currently used materials for pelvic personal protective equipment:
1. Auxetic textiles have demonstrated significant improvements in mechanical properties
over conventional fabrics that are anticipated to translate to improved blast/ballistic protection. The fabric thickens and strengthens as it is impacted by shrapnel and improvised
explosive devices.
2. Inexpensive and scalable—Our approach uses commercially available high-performance
fibres as opposed to expensive specialty auxetic yarns. Warp knit structures can be scaled
up using existing process equipment at very high production rate (min. 5103 that of
weaving)
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3. Lightweight and flexible—The enhanced blast/ballistic protection provided by auxetics
allows thinner, lightweight, breathable protective textiles that will reduce thermal burden.
Our warp knit structures provide superior flexibility with the stiff aramid fibres due to the
unique layup structure.
4. Enhanced comfort—A major problem with conventional materials (i.e., materials having positive Poisson’s ratio) is that they can hardly be curved into a doubly curved or
domed shape, instead the core forms a saddle shape on bending. In the case of auxetic
fabrics (i.e., fabrics with negative Poisson’s ratio), double curvature can be easily
achieved.

Thus it is very important to present the testing methodology that has been used
by the UMD team to determine the auxeticity of the structure. Indeed, the measurement of Poisson’s ratio is the preferred test method.
To measure the Poisson’s ratio of the identified fabrics, video-extensometry
along with micro-tensile testing techniques are employed by using Instron 5569
Mechanical Tester ASTM D 5034-95 (2001). All samples are tested by straining
the entire fabric strip evenly and each duly marked 2 cm 3 2 cm square of the sample is measured to obtain the Poisson’s ratio by using the equation, ν xy 5 2εx/εy,
where εx is the strain in the x-direction, or transverse strain, and εy is the strain in
the y-direction, or the axial strain. Initially all samples of 10 cm long are strained at
a rate of 5.08 cm/min, in the walewise and coursewise directions. The test process
is observed with a Canon Pro 300 camera. The strain of the sample is measured
using the camera to capture an image of the sample at different strain levels, totaling 16 pictures per sample. The width of each sample is measured in three locations
to insure that the measured Poisson’s ratio is as accurate of measurement as possible. Each fabric structure is tested three times, using different samples of the fabric
structure each test. The Poisson’s ratio is obtained after all samples had been photographed and strain values obtained using appropriate image analysis software.
Fig. 10.4 shows examples of this testing. It should be noted in the photographs that
the relationship of interest (for determining if auxetic) is not necessarily the relationship of the strain in the y-direction to the x-direction. The axial strain can still
be greater than the transverse strain (as pictured), yet the auxetic nature is a reflection of the transverse strain increasing under axial load (as measured, the width of
the box increased relative to the initial width).

Figure 10.4 Measurement of Poisson’s ratio; prestrained configuration (left), traditional
behavior (middle), and auxetic behavior (right).
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Figure 10.5 (A) Plot of Poisson’s ratio vs strain %, auxetic fabric C: courses direction.
(B) Plot of Poisson’s ratio vs strain %, auxetic fabric C: wales direction.
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Figure 10.6 (A) Plot of Poisson’s ratio vs strain %, auxetic fabric X: Courses direction.
(B) Plot of Poisson’s ratio vs strain % auxetic fabric X: wales direction.

Typical plots of relevant data to aid the determination of the auxetic characteristics are shown in Figs. 10.5 and 10.6.

10.5

Quality control considerations

Quality control is the means through which a manufacturer can maintain full control
of the various elements in the production process including the need to meet all
product specifications. A well-established quality control system will insure good
customer relations, engender confidence in the industry in terms of sustainable deliverables, and compliance with environmental laws and regulations. Many texts
[2,16,52,53] have dealt exhaustively on the desirability for statistical quality control
regimes in industry and readers should find them informative.
In summary, every manufacturer should set up operational process control charts
based on the peculiarities of its manufacturing operations and taking adequate consideration of the variations in the equipment, tool wear, operators’ skill level,
manufacturing environment, etc. Often it is desirable to set up control charts for
attributes and to delimit the number of defects allowable in a set of manufacturing
process. Another tool that is vital in quality control is the acceptance sampling

336

Polyolefin Fibres

concept whereby randomized inspection of the product in the production line is
consistently performed and becomes an effective quality control regime. In many
industrial setups, the use of statistical process control based on computerized processes and equipment is the way forward. Supervisors are able to learn in real time
when a process is in control or out of control.
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11.1

Introduction

Nanotechnology is concerned with the creation, application, and manipulation of
materials or structures on a 1100 nm. In the polyolefin area, the most important
nanotechnology is the inclusion of nanosized materials into polyolefin matrices. Due
to their extremely small dimensions, nanomaterials, also known as nanoparticles,
have some extraordinary properties compared to their bulkier counterparts. The high
specific surface area is one of those properties very useful in material engineering.
Upon the addition of nanoparticles in a polymeric material, the resultant material, also
called nanocomposite, can have some performance improvements which are not achievable by using the polymer alone. For example, adding nanoclay to polypropylene (PP)
can make the modified propylene dyeable with acid and disperse dyes [1].
Depending very much on the final applications, many different types of nanomaterials can be used in polyolefins. They are carbon nanotubes (CNTs), nanosized silicates and silica, nanoceramics, nanometals, to name just a few. The nanomaterials
can take different forms, being zero dimensional, such as nanospherical silica, onedimensional, such as nanowires and nanotubes, or two-dimensional, such as exfoliated nanoclays and grapheme sheets [2]. One of many significant advantages of the
nanocomposites over the conventional composites is that the nanomaterial’s loading
is low, most of the time being below 10%. This is because of the high specific surface area of the nanoparticles which, when embedded uniformly, allows them to have
an excellent interaction with the host polymer molecules. A low loading means less
change of the conventional properties while new properties are introduced to the
nanocomposite, or better performance is obtained with lower additional cost.

11.2

Polyolefin nanocomposite fibres and films

11.2.1 Nanoparticles used in producing nanocomposite
fibres and films
11.2.1.1 Carbon nanotubes
CNTs can be divided into two main groups: single-walled (SWNTs) and multiwalled
(MWNTs). The SWNTs have a tubular structure with carbon atoms connecting with
Polyolefin Fibres. DOI: http://dx.doi.org/10.1016/B978-0-08-101132-4.00011-4
Copyright © 2017 Elsevier Ltd. All rights reserved.
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each other through an sp [2] hybrid orbital to form the wall which has the thickness
of one carbon atom. The Gaussian distribution of diameters of SWNTs is on the order
of a nanometer (nm) [3]. The MWNTs have a concentrically cylindrical structure, or
a structure like a rolled-up paper. The length of CNTs is typically in the range of
micrometers, though 4-cm-long SWNT has been reported [4].
CNTs have excellent mechanical properties [5]. Depending on synthesis methods
and measurement techniques, CNTs can have tensile strength in the range of
120 GPa and Young’s modulus 0.44.15 TPa. However, most CNTs used in
many composites show reduction in the properties up to one to two orders of magnitude due to defects. CNTs can be semiconductors or conductors depending on the
diameter or the geometric configuration of the nanotube. CNTs have been widely
used for reinforcing polymers [6]. Enhanced stiffness, thermal stability, and gas
barrier properties can be obtained from PP carbon nanoparticle composite [7].
Low shrinkage (,5%) at high temperature (160 C) was obtained on the PP CNT
composite fibre [8].

11.2.1.2 Silicates and silicas
The most common silicates are based on (SiO4) tetrahedron anionic group. Its
ligand can also contain other electronegative atoms, such as F. The balanced
charges are often Na1, K1, Ca11, Mg11, Fe11, Al111, etc. Silicates are the most
abundant minerals, being in different chemical compositions from many sources.
Clay minerals as one group are hydrous aluminum phyllosilicates, available naturally or synthetically. Montmorillonite is one of the clays available naturally,
pertaining to the smectic subgroup of clay. The phyllosilicate nanoparticles have a
layered structure, in the case of montmorillonite, a 2:1 sandwiched structure of two
layers of SiO4 tetrahedron wrapping one layer of O, OH, Al, and Mg octahedron
coordinated by other cations. During nanocomposite synthesis, the layered structure
can be intercalated or exfoliated depending very much on the conditions used.
Silica is a general term for silicon dioxide, SiO2, also available naturally or synthetically. Sometimes, silica is considered a type of silicate. Synthetic silica can be
in different physical forms, the most used one in nanocomposites being spherical
porous mesostructure. Silicate and silica nanoparticles are either reengineered natural materials or synthesized materials on the nanometer scale, with an appropriate
surface to prevent agglomeration. It has been reported [9] that the PP montmorillonite nanocomposites can have improved tensile characteristics, higher heat deflection
temperature, retained optical clarity, high barrier properties, better scratch resistance,
and increased flame retardancy. Also, improved strength, modulus, and elongation at
break of PP silica nanocomposites can be achieved [10].

11.2.1.3 Metal oxides
Metal oxides, also known as ceramics, can be divided into semiconductors, such as
ZnO, NiO, Fe2O3, Cr2O3, and TiO2, and insulators, such as MgO, CaO, and Al2O3
[11]. Due to the small size of the nanometal oxides, their surface possesses high
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energy, especially for those materials with highly ionic nature, defects sites such as
edges, corners, anion, and cation vacancies making the nanoparticles in this group
very reactive, and thus valuable in nanocomposite fabrications.
In bulk, these metal oxides (ceramics) are brittle. However, their counterparts in
nanoscale can be made more flexible, less brittle, and perhaps stronger [12]. The
other properties of the nanometal oxides are also different. The bandgap of TiO2 is in
the UV range, 3.03 eV for rutile and 3.18 eV for anatase [13]. A blue shift can be
observed as particle size decreases. Accordingly, it is widely studied for its photocatalytic capability. The photooxidative degradation of CHCl3 with TiO2 in water [14],
however, indicated that when the nanoparticles become too small, the electronhole
recombination rate would be very fast leading to a lower efficiency in the initial light
absorption step. The insulating metal oxides can also catalyze acidbase reactions,
e.g., oxidative coupling of methane by MgO/CaO [15]. Hydroxyapatite reinforced PP
was studied to be used as a bone analogue biomaterial [16]. SrTiO3/NiZn was used to
improve the dielectric and magnetic properties of the prepared PP composite [17]. By
using a specifically prepared ceramic, Y1Ba2Cu3O7-x, the physicalmechanical,
superconducting, thermophysical properties of isotactic PP (iPP) ceramic composite
were enhanced [18]. Special optical properties can be obtained on PP ZnO film, e.g.,
its blocking UV while transmitting visible light [19].

11.2.1.4 Metals
One of the useful forms of nanometals is colloids as giant clusters that have a size
up to 100 nm [20], stabilized by suitable ligand or solvent. Metal nanowires are
reported as Cr resist patterns on PET films [21], CoNi alloy [22], and different
structures including wires, plates, and flowers [23]. Many metal nanoparticles are
deposited as special coatings [24]. Some are used for catalytic applications [25].
Nanosilver deposited on PP nonwoven shows antibacterial function [26]. Silver/PP
nanocomposite films showed not only improved thermal stability but also increased
mechanical properties compared to neat PP film. Tensile properties of PP nanocomposites were largely improved compared with neat PP resin, and elongation also
increased by 175% for the nanocomposites containing 1000 ppm silver nanoparticles [27]. The uniformly dispersed Pd nanoparticles can retard the thermal decomposition of PP [28]. A unique method of introducing nanometal particles to PP
allows for the fabrication of large amounts (kilogram-scale) of polymeric nanoparticle composites. It is done through thermal decomposition of metal containing compounds (MRn; M 5 Cr, Mo, W, Ti, Zr, Fe, Co, Ni, Pd, Pt, Cu; R 5 CO, HCOO,
CH3COO, C6H5CH2) in solution melt of polymer, such as PP [29].

11.2.1.5 Nanostructured molecules
Two nanostructured molecules have been found useful for PP nanocomposites. One
is dendrimers and the other cyclodextrins (CDs). Dendrimers are regularly branched
polymers in which all bonds converge to a core, each repeat unit contains a branch
junction forming the interior, and a large number of identical terminal functional
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groups are present on the surface [30]. Dendrimers are usually viscous liquids at
room temperature. The large amount of functional groups on the surface of a globularly shaped dendrimer molecule offer many attractive possibilities to modify other
polymers, e.g., solubility, compatibility with plastics, uptake of guest molecules,
and surface activity. The use of dendrimers and hyperbranched polymer as dyeing
promoters for PP fibres was reported [3133].
CDs are cyclic oligosaccharides formed by 6 (α-CD), 7 (β-CD), or 8 (γ-CD)
α-1,4-D-glucopyranoside units resulting in a toroid structure with interior hydrophobic cavities of 0.51.0 nm in diameter and exterior hydrophilic rims. Due to the
unique structure, CD can be used to form hostguest complexes for many applications. iPP coalesced in γ-CD and then released from the host showed different
characteristics [34]. The crystalline inclusion complex between β-CD and lowmolecular-weight PP was obtained and investigated. α-CD and γ-CD did not form
crystalline inclusion complexes with PP [35]. Grafting of CDs onto PP nonwoven
fabrics for the manufacture of reactive filters was reported [36].

11.3

Preparation of polyolefin nanocomposite
fibres and films

11.3.1 Solution mixing
PP/montmorillonite nanocomposites were prepared in our laboratory by solution
mixing followed by melt mixing and/or melt spinning. Ball milled nanoclay and
400 mL of xylene were added to a stainless steel container and this container was
placed in a sand bath insulated with glass fabric. Various clay concentrations were
added, namely 2%, 4%, and 6% on the weight of polymer. The contents of the container were ultrasonicated for 1 hours. The ultrasonication parameters were 90%
amplitude, 8-second pulse on, and 4-second pulse off. To the mixture (xylene 1
clay), 0.4 wt% (on the weight of the polymer) of titanate coupling agent was added
and ultrasonication was continued for another hour. PP pellets were then added to
the mixture. The system was heated on a hot plate and the temperature was gradually raised to the boiling point of xylene (140 C) to dissolve the PP pellets. Further
ultrasonication was done to homogenize the mixture. After the homogenization process, the ultrasonic device was switched off and the transducer was removed. The
remaining xylene was allowed to evaporate at its boiling point until the nanocomposite solidified. Subsequently, the nanocomposite was mechanically crumbled and
dried in an oven at 70 C to remove any traces of xylene.

11.3.2 Melting, mixing, and spinning
The nanocomposites obtained from solution mixing were mixed in a Brabenderplasticorder melt mixer at 170 C for 30 minutes. The speed of the screw in the melt
mixer was maintained at 70 rpm.
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The melt spinning of solution mixed nanocomposites was carried out in a single
screw Sterling Extruder. The fibre extrusion was performed using a 30-spinneret
fibre die and the following extrusion parameters:
G

G

G

G

G

G

G

Temperature of different zones: 163 C (hopper), 185 C, 185 C, 191 C, 191 C, and 191 C
(spinneret)
Screw speed: 8 rpm
Material throughput: 4.8 g/min
Spinneret diameter: 0.5 mm
Winding speed: 31 m/min
Draw ratio: 4
Drawing temperature: 100 C.

11.4

Characterization and analysis

11.4.1 Scanning electron microscopy
The surface topology of samples can be explored using scanning electron microscopy (SEM). For SEM measurements in our laboratory, samples of dimensions
8 mm 3 4 mm were prepared using a sharp knife. The samples were then mounted
on aluminum holders in order to be coated with gold (Au). Coating used in SEM
analysis is aimed mainly at the following:
1. Preventing the charge-up on the specimen surface by covering it with a conductive material.
2. Increasing secondary electron emission by covering a specimen of low secondary electron
emission with a metal of high secondary electron yield.

For coating, the vacuum evaporation method and the sputtering method were
used. Care was taken to control the amount of coating. If the coating is too thick,
its particles become visible while at the same time the structures of interest may be
obscured. The samples were coated using a sputtering device most widely used for
observing specimen surface morphology.
The measurements were carried out on a JEOL JSM 5610 SEM. For higher magnifications ( . 10,000) the accelerated voltage was set at 10 kV while for lower
magnifications a voltage of 5 kV was applied. Similarly, the working distance
(WD) for lower magnifications ranged between 50 and 55 mm and for higher magnifications it was between 10 and 15 mm. A focused electron beam with accelerating voltage from 0.1 to 50 kV was used to scan across the sample surface. At the
incident point of the primary electron beam, secondary electrons are emitted. The
intensity of the secondary electrons depends on the surface topography from which
the size and size distribution of nanoparticles can be characterized.

11.4.2 Transmission electron microscopy
Transmission electron microscopy (TEM) is a powerful technique used to study
structures at and below the nanometer scale. Therefore it can be used to confirm
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results obtained by X-ray diffraction (XRD) about the organization of nanoparticles
in the nanocomposite. It allows a precise observation of nanostructures with exceptional resolution (about 0.2 nm). This technique is widely used by researchers
worldwide to characterize polymer nanocomposites.
Manias et al.[9] reported that although XRD could give a fast answer on the miscibility of polymer/silicate systems, it did not give all the structural information of
the nanocomposites. It was also reported that XRD provided no information about
any exfoliated or disordered clay layers since they possessed no periodic structure.
However, TEM was found useful in observing the nanocomposite structure. It provided the information about the existence of a substantial amount of intercalated
clay layers throughout the PP matrix, in arrangements of single, double, and three
layers [37]. Though there are some disadvantages, both XRD and TEM are considered to be the most useful techniques for characterizing polymer nanocomposites.
In TEM, the specimen regions which are thicker or of higher density scatter the
electron beam more strongly and will appear darker in the image. The nanoclay has
a higher density than the semicrystalline PP (about 2.40 and 0.90, respectively).
Therefore, the clay layers will appear darker than the polymer. If the specimen is
too thick, the polymer appears darker and this reduces the contrast with the clay.
This explains why the specimen should be cut as thin as possible. A high-resolution
transmission electron microscope, JEOL 2010F FasTEM operating at 200 kV, with
a point resolution of 1.9 Å and lattice resolution of 1.4 Å, was used to observe the
physical state of clay particles in the nanocomposites. For TEM sample preparation,
a diamond blade was used to scratch the small specimen pieces from the bulk sample. These small pieces were then ground in an agate mortar with acetone. The acetone suspension was then pipetted onto a carbon-coated Cu grid. This prepared
sample was used for TEM observation.

11.4.3 X-ray diffraction
In addition to errors connected to the experimental setup, the XRD analysis of polymerclay nanocomposites is further complicated by two factors. First, nanocomposites generally contain a fairly small amount of clay (typically ,10 wt%).
Therefore, the XRD analysis must be sensitive enough to detect the crystalline
structure of the clay in the polymer. If this is not achieved, no peaks appear in the
diffraction pattern and a false conclusion that a delaminated nanocomposite has
been synthesized might be drawn. Moreover, the depth of penetration of X-rays is
inversely proportional to the diffraction angle θ; this means that X-ray analysis at a
low angle only reflects the structure present in a thin layer close to the surface (typically 0.1 mm for polymers). Therefore, a thin sample with a large surface area is
recommended for analysis. Wide-angle X-ray scattering was conducted at ambient
temperature on a rotating anode diffractometer, Rigaku 18KW, with Cu Kα radiation of wavelength 1.54 Å. The accelerating voltage was 60 kV. Montmorillonite
clay particles were studied as powders and the nanocomposites were studied as
400 μm thin films. XRD data were used to determine the d-spacing and the crystallite
thickness of the clay particles.
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11.4.4 Fourier transform infrared spectroscopy
Almost any compound having covalent bonds, whether organic or inorganic, can be
found to absorb electromagnetic radiation in the infrared region of the spectrum,
which lies at wavelengths longer than visible light (400700 nm) but shorter than
microwaves (longer than 1 mm). For characterization purposes, attention is paid to
the vibrational portion of the infrared region located at wavelengths between 2.5
and 25 μm or in more common terms, frequencies between 4000 and 400 wave
numbers. With the advent of computerized Fourier transform infrared (FTIR)
spectrometers, which provide the concomitant advantages of speed, sensitivity and
higher resolution, infrared spectroscopy has become one of the preeminent tools for
molecular characterization and identification.
Some representative IR absorption peaks of crystalline PP are given in
Table 11.1 [38]. The CH vibrational modes of PP are tabulated in Table 11.2 [39].
However, even in the case of FTIR, it may be difficult to exactly determine
wavelength and intensity of a given absorption due to either the overlap of interfering bands or appearance of a strong background absorbance. Such problems can
often be solved by using derivative data processing. The second derivative mode
provides the advantages of improving the resolution of overlapping bands, suppression of the background to correct for systematic error, and enhancement of fine
spectral features for qualitative and quantitative analysis.
The general form of an IR spectrum can be considered as a combination of a
series of Gaussian distribution functions:
A 5 A0 exp ðZ 2 =2σ2 Þ
where A 5 absorbance at wavelength λ, A0 5 absorbance at λmax which is the
wavelength of maximum absorption, Z 5 (λλmax), and σ 5 standard deviation;
and Lorentzian distribution functions [39]:
A 5 A0 ð11Z 2 =3σ2 Þ1
Table 11.1

IR absorption peak assignment

Frequency (cm21)

Assignment

805, 840, 898, 940, 972, 995, 1044,
1100, 1152, 1165
1218, 1255, 1293
1303, 1330, 1360
1380
1440, 1455, 1465
2866, 2875, 2907, 2918, 2926

CH2 rocking, CC stretching, and CH3 wagging
and rocking
CH2 twisting and CH bending
CH2 wagging and CH bending
Symmetric CH3 bending
CH2 bending and antisymmetric CH3 bending
Symmetric CH3 stretching, antisymmetric CH2
stretching, and CH stretching
Antisymmetric CH3 stretching
Antisymmetric CH3 stretching

2947
2960
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Table 11.2

Classification of the CH vibration modes of PP

CH mode

CH2 mode

CH3 mode

Stretching
Wagging
Rocking

Symmetric stretching
Antisymmetric stretching
Bending
Wagging
Rocking
Twisting

Symmetric stretching
Antisymmetric stretching 1
Antisymmetric stretching 2
Symmetric bending
Antisymmetric bending 1
Antisymmetric bending 2
Wagging
Rocking
Torsion

For a given absorbance spectrum, the first derivative (dA/dλ, A is the absorbance
and λ the wavelength) is the absorbance gradient of the original band at each
wavelength. Repeated differentiation produces the second and higher derivatives:
d2 A dn A
... n
dλ
dλ2
A family of such curves is illustrated in Fig. 11.1. The first derivative is a bilobal
curve, intercepting the wavelength axis at the wavelength of the maximum absorbance (λmax) of the corresponding peak in the original zero-order IR spectrum. The
second derivative curve is seen as an inverted main (centroid) peak flanked by two
smaller satellite peaks. This pattern is repeated for each of the higher derivatives,
the odd derivatives maintaining a zero crossing at the peak position of the original
band (λmax) and the even derivatives a centroid band, the peak of which corresponds to λmax of the original band. The even derivative centroid peak alternates in
sign and decreases in width with increasing derivative order. Thus as derivative
order increases, fine spectral detail is enhanced, so that spectral profiles are
obtained in which overlapping bands become progressively more resolved.
Several sampling methods including conventional potassium bromide (KBr) disk
transmittance, attenuated total internal reflectance, and diffuse reflectance can be
applied. The general measurement conditions are as follows:
G

G

G

G

Scan speed: 0.4 cm/s
Scanning number: 64
Resolution: 4 cm21
Temperature: ambient temperature.

11.4.5 Thermal analysis
Incorporation of nanoparticles in the polymer melt usually has varying effects on
the crystallization. Differential scanning calorimetry (DSC) studies were carried out
in our laboratory on the neat PP and nanocomposite fibres in order to determine
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Single Gaussian
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Single Lorentzian
absorption band

(B)

(C)

(D)

(E)

Wavelength

Figure 11.1 Derivative modes of absorption bands: (A) zero order, (B) first derivative,
(C) second derivative, (D) third derivative, and (E) fourth derivative.

any change in percentage crystallinity, melt peak temperature, and melt onset temperature of nanocomposites fibres as compared to those of neat PP.
DSC analysis was carried out using nitrogen gas to provide an inert atmosphere.
Specimens weighing not more than 10 mg were weighed to an accuracy of 0.01 mg
into clean dry aluminum specimen pans specially designed for DSC apparatus. The
sample pan and an empty reference pan made of the same material were then
loaded into the test chamber purged with dry nitrogen gas at a constant flow rate of
1050 mL/min during the experiment. The sample pan and reference pan were
then heated to 220 C at the rate of 10 C/min. The instrument measures the
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additional heat flow required to maintain the sample pan at the same temperature as
the reference pan. The result is depicted as a plot of temperature vs time usually
consisting of exothermic or endothermic peaks. After the experiment, software
(Universal Analysis) provided by TA Instruments was used to calculate the heat of
fusion by integrating the area under the melting peak. The software provides the
percentage crystallinity from the ratio of heat of fusion calculated from the plot
obtained and the heat of fusion for the polymer crystal expressed as a percentage.
The heat of fusion of PP crystal was taken as 207 J/g. Other characteristics such as
melt onset temperature and melt peak temperature were obtained by analyzing the
calorimetric plot with the help of software tools.

11.5

Applications of polyolefin nanocomposites

11.5.1 Physical applications
11.5.1.1 Mechanical properties
Polyolefin boehmite nanocomposites showed increased stiffness with increasing the
boehmite aspect ratio and accompanied by an increase in elongation at break [40].
Thermoplastic vulcanizate (TPV)/montmorillonite nanocomposite based on PP ethylenepropylene rubber (EPDM), and organically modified montmorillonite (OMMT)
was prepared. It was found that the increase in the tensile strength of the TPVOMMT
nanocomposite was 55% vs TPV, and 33% vs the dynamic vulcanizate that was
based on PP/EPDM/Na-MMT (TPVNMMT). Dynamic mechanical analysis showed
that the storage modulus of the TPVOMMT nanocomposite increased by 35% compared with that of TPV, while Tg of TPVOMMT increased by 8 C. Complex viscosity decreased with the addition of OMMT [41]. A PP with organo-modified clays
(2 wt%) and different coupling agents showed a 25%50% increase in tensile
strength. Essential work of fracture was improved by 20% [42]. Full exfoliation of
clay/high-density polyethylene (HDPE) nanocomposites can be achieved with the aid
of maleated HDPE (polyethylene-grafted maleic anhydride, PE-g-MAn). A modest
increase from 20.8 to 21.7 MPa in yield strength and an increase from 213 to
254 MPa in tensile modulus of the nanocomposite with 0.05% clay content over the
base material were observed. The values level off above this clay loading and exhibit a
further increase when the clay content is higher than 1 wt%. The yield strain decreased
with increasing clay content [43]. The fracture properties of thermoplastic olefin 5%
nanosilica composites were improved compared to the neat thermoplastic olefin blend.
The fracture modulus was 920 MPa and the flexural stress was 28.4 MPa for the nanocomposite while the neat one was 797 and 25.5 MPa, respectively [44].

11.5.1.2 Gas permeability
Oxygen transmission rate (OTR in cc/m2 day) of polyolefin nanoclay composites
can be reduced. The composition of the samples was 90% PP or LDPE, 5% MBPP,
or MBLDPE (master batch containing maleic anhydride), 5% Cloisite-15A
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nanoclay. The PP nanocomposite film showed a reduced OTR at 374 down from
480 for the neat PP film. The LDPE nanocomposite film showed a similar trend
being at 210 from 240 for the neat LDPE [45]. The oxygen permeability (OP, mol
O2/m s Pa) of paraffin nanoclay films dramatically decreased with increasing clay
percentage except for the highest loading at 15 wt%. With only 5 wt% organoclay,
the OP dropped by approximately 62 times (from 4629 3 10217 to 75 3 10217).
Increasing the clay loading to 10 wt% reduced the OP by a factor of 330 times
(from 4629 3 10217 to 14 3 10217) relative to the clay-free system. However,
continued increase in the organoclay concentration led to embrittlement of the film,
accompanied by a complete loss of any barrier improvement [46].

11.5.1.3 Thermal properties
The linear thermal expansion of maleated PP organoclay nanocomposites can be
significantly reduced in the flow and transverse directions of injection-molded specimens because of the combined effect of the mechanical constraint by organoclay
and the highly elongated elastomer particles caused at high-polypropylene-grafted
maleic anhydride (PP-g-MA) contents [47]. CaCO3 nanoparticle shapes (spherical
and elongated) can affect the thermal properties of iPP. The iPP/CaCO3 nanocomposites showed both increased decomposition temperature (378391 C, vs iPP
368 C) and glass transition temperature (2226 C, vs iPP 20 C) depending on the
shape and add-on of the CaCO3 used [48]. Intumescent PP compounds containing
1.5% silicone elastomer and 0.5% montmorillonite nanoparticles reached V0 UL 94
rating (burn ,10 s without dripping). It was proposed that the silicone-elastomercoated nanoparticles accumulate on the surface in fire and act as a skeleton for a
barrier layer. The silicone elastomer may act as glue keeping nanoparticles in the
protecting surface layer together at high temperature [49]. A norbornylenesubstituted polyhedral oligomeric silsesquioxane (POSS) macromonomer was used
to form polyolefin POSS nanocomposites [50]. Up to 56 and 73 wt% POSS can be
achieved in PE and PP systems, respectively. The decomposition onset temperature
based upon 5% mass loss was increased by 90 C, while the tensile properties were
maintained for the PE POSS system. PP/corn starch master batch/modified montmorillonite composites with 1, 3, 5, and 7 wt% montmorillonite were prepared. An
increase in degradation temperature with the montmorillonite amount was observed
[51]. The exfoliated clay/HDPE nanocomposites were compared with their intercalated counterparts. A reduction in the burning rate from 25 to 21 mm/min for exfoliated HDPE nanocomposites and from 25.3 to 22.8 mm/min for the intercalated
sample at clay content 1.0 wt% was observed [43]. It was found that the decomposition temperature of the PE nanocomposite with the organoclay of 11.91 wt% could
be 46.8 C higher than that of pure PE when 30% weight loss was selected as a measuring point, showing enhanced thermal oxidation stability of this kind of polyolefin
nanocomposite [52]. A 166 C increase in the onset degradation temperature
(Td 5 484 C) was achieved on a PP 5 wt% montmorillonite nanocomposite specifically made using an ionic liquid, 1-methyl-3-tetradecylimidazolium chloride, modified montmorillonite [53]. Synthetic hydromagnesite (HM) was used in
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Table 11.3
Sample

Combustion parameters
LOI

LDPE/EVA
ATH/HM
ATH/MH
ATH/U

18.7
28.6
28.1
27.1

Cone calorimetera

Epiradiateur
No. of
ignitions

Av.
combustion
extent (s)

Time
to
Ignite
(TTI)
(s)

PHRR
(kW/m2)

AHRR
(kW/m2)

FPI
(m2s/kW)

1
19
19
18

N
7.9
7.8
8.4

40
103
70
71

1135
182
180
181

304
139
112
111

0.035
0.566
0.389
0.392

Note: PHRR, peak heat release rate; AHRR, average heat release rate; FPI, fire performance index.
a
With 6 10% reproducibility.

Table 11.4

Smoke data

Sample

Av. SEA
(m2/kg)

CO/CO2
weight ratio

Av. CO emission
(kg/kg)

Av. CO2 emission
(kg/kg)

TSR

LDPE/EVA
ATH/HM
ATH/MH
ATH/U

201
221
69
102

0.009
0.015
0.018
0.006

0.015
0.031
0.022
0.012

1.70
2.05
1.20
2.18

827
929
225
368

Note: SEA, smoke extinction area; TSR, total smoke released.

combination with aluminum hydroxide (ATH) and compared with commercial
flame retardants like magnesium hydroxide (MH) and natural HM huntite (U) in a
polyolefin system of low-density polyethylene/poly(ethylene-co-vinyl acetate)
(LDPE/EVA, 75/25). Combustion parameters obtained from limiting oxygen index
(LOI), epiradiateur, and cone calorimeter are given in Table 11.3. The smoke data
are given in Table 11.4 [54].

11.6

Chemical applications

11.6.1 Coloration
PP clay (montmorillonite) nanocomposites can be dyed as nylon with acid dyes and
as polyester with disperse dyes. The colors obtained on the nanocomposite films
were decent and comparable with that on the traditional textile fibres. The color
build-up on the nanocomposite films is measured as a K/S value. The higher the
K/S, the darker the color. Figs. 11.211.5 show the color strength of the PP clay
nanocomposite films with 2%, 4%, and 6% nanoclay content.
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Figure 11.2 Color build-up curve with C. I. Acid Red 266.
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Figure 11.3 Color build-up curve with C. I. Acid Blue 113.
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Figure 11.4 Color build-up curve with C. I. Disperse Red 65.
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Figure 11.5 Color build-up curve with C. I. Disperse Yellow 42.
Table 11.5

Antibacterial activity of PP/clay nanocomposite films

Bacteria

Percentage reduction in bacterial number
2% nanoclay

Staphylococcus aureus
Klebsiella pneumoniae

4% nanoclay

6% nanoclay

Avg.

St. dev.

Avg.

St. dev.

Avg.

St. dev.

99.94
99.97

0.03
0.02

99.78
99.99

0.1
0.01

99.95
99.99

0.04
0.01

11.6.2 Antimicrobial property
With 2% nanoclay (montmorillonite) modified with dimethyl dihydrogenated tallow
quaternary ammonium, the PP/montmorillonite nanocomposite films showed their
ability to reduce the bacteria counts as compared to neat PP control films. The
reduction in bacterial number for nanocomposite films was very close to 100% as
given in Table 11.5.
However, it should be pointed out that the antibacterial activity of the PP/clay
nanocomposites was found to be associated with the cationic nature of the clay modifying agent, the quaternary ammonium. At a processing temperature higher than
170 C, the antibacterial properties of the nanocomposites are lost due to the decomposition of the modifying agent. Table 11.6 provides the antibacterial activity of modified and unmodified montmorillonite after treatments at different temperatures.
Therefore, it is recommended that the processing of PP/clay nanocomposites should
be carried out at a temperature below the decomposition temperature of the cationic
modifying agent, if used, in order to make the nanocomposites antibacterial.

11.6.3 Other applications
The 16-nm surface-hydroxylated SiO2 homogeneously dispersed in PP resulted in a
nanocomposite showing high transparency when SiO2 add-on is above 2.5 wt%
[55]. For PP nanoclay composites, the increased clay content from 0% to 10% can
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Antibacterial activity of modified and unmodified
montmorillonite

Table 11.6

Clay

Percentage reduction in bacterial number
Staphylococcus aureus

Modified
Modified and treated at 170 C
Modified and treated at 191 C
Unmodified

Klebsiella pneumoniae

St. dev.

Average

St. dev.

Average

98.18
97.93
31.49
14.71

1.76
1.75
0.81
1.67

96.12
95.86
28.51
14.17

1.04
1.13
1.43
0.81

lead to an increased contrast ratio from 29.35 to 56.63. The higher the contrast
ratio, the more opaque the sample [56].

11.7

Conclusions

The use of nanomaterials has made modification of polyolefins easy and available for
many applications. Strong and active research and development (R&D) of polyolefin
nanocomposites have been manifest both in the literature and patents. However, it is
worth noting that the performance of polyolefin nanocomposites is dependent upon
not only the nanomaterials used, but also the polymer matrix, as well as processing
conditions. Many factors in the fabrication can affect the properties of the resultant
nanocomposites, the nanoparticles’ size and size distribution, crystalline structure, surface modification, polyolefin tacticity, molecular weight (degree of polymerization),
polymer crystallinity, mixing temperature, mixing time, etc., to name just a few. A
uniform distribution of the nanoparticles inside the host polymer matrix is equally
important. If sheet-like nanostructure is used, exfoliation can usually result in a better
reinforcement than intercalation due to a better interaction of the host polyolefin molecules and the exfoliated nanomaterials. Though solution mixing and melt compounding for nanocomposite fabrication are presented in this chapter, there are other ways
of fabricating the polyolefin nanocomposites. In situ polymerization based on metallocene methylaluminoxane catalysis [5759] is one of many preparation approaches.
Apart from the solid form of the nanocomposites, a porous form, foam, is also possible, which has a variety of applications in technical, commercial, and environmental
areas. It was reported that foams with hectorite nanoparticles exhibit improved thermal
stability and mechanical properties when compared to neat polymeric foams [60].
Functional polyolefin nanocomposites have widely extended the use of polyolefins. Some of the applications have been mentioned, but more appear in publications
elsewhere, and even more will emerge as the R&D efforts in this field rapidly
progress to attain the promise of improved performance for nanocomposites in
packaging and engineering applications.
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12.1

Introduction

Over the last few decades, the coloration of polyolefins based on methods involving
copolymerization, incorporation of functional groups, the addition of dyeable
polymers, and mass coloration via pigmentation has been examined extensively. In
addition, several types of colorants have been investigated for potential suitability
in application to unmodified or modified polyolefin fibres and various application
conditions have been tested. Incorporation of dyes or pigments into fibre forming
polymers enhances the market appeal of the product [1,2]. In addition, it is desirable that polyolefins and especially polypropylene (PP) and to lesser extent polyethylene should be dyeable in order to obtain a bigger share of the market and increase
their acceptance as textile fibres.
For several reasons, which will be discussed in this chapter, only pigmentation
has gained commercial significance among the methods described above. The
dyeability of polyolefins must be examined on a fundamental basis to recommend
a potential method to overcome its various shortcomings. Some of the important
concepts including terms and definitions are therefore reviewed to ensure fibre
characteristics that affect the coloration of polyolefins are clearly understood.

12.2

Overview of structural features of polyolefins

Polyolefin fibres are composed of at least 85% by mass of olefin units. PP and
polyethylene comprise the commercially significant varieties of polyolefins. Today
a large number of PP homo- and copolymers are produced for versatile applications
by major manufacturers.
Isotactic polypropylene (iPP) fibres have a density in the range of 0.900.91 g/dm3;
the fibres therefore float in water. PP fibres have the lowest density among all commercial textile grade fibres as given in Table 12.1 [3,4]. The low density of PP
offers high covering power in comparison with other textile grade fibres and creates
specific challenges to the dyer as the fibres do not submerge in water. PP resists
water and is not affected by steam and does not show any notable change in its
dielectric or other physical properties.
The chemical resistance of iPP, schematically shown in Fig. 12.1, to most chemicals including alkalis, aqueous solutions of inorganic salts, mineral acids,
Polyolefin Fibres. DOI: http://dx.doi.org/10.1016/B978-0-08-101132-4.00012-6
Copyright © 2017 Elsevier Ltd. All rights reserved.
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Density of different natural and synthetic
fibres arranged in ascending order [3,4]

Table 12.1

Fibre

Density (g/dm3)

Polypropylene
Nylon 6,66
Acrylic
Wool
Acetate
Polyester
Aramid
Cotton
Viscose rayon
Carbon
Glass fibre

0.900.92
1.13
1.141.17
1.301.32
1.32
1.38
1.44
1.501.55
1.52
1.73
2.49

detergents, oils, and greases at ambient temperature is excellent. PP fibres have
a generally white appearance and depending on the amount of delustrant added to
the polymer, can vary from lustrous and semitransparent to dull and opaque. The
fibres have a waxy-to-soapy handle and a smooth surface. Their high chemical
resistance allows a wide range of finishing conditions to be employed without any
adverse effects on fibre properties as well as enabling applications in certain corrosive environments. However, PP fibre can be attacked by strong oxidizing agents
and some organic solvents.
The moisture regain of some common textile fibres is listed in Table 12.2 [3,4].
PP exhibits extremely low moisture absorption compared to other textile fibres
which can be attributed to its nonpolarity. PP fibres also exhibit other certain limitations including low melting and softening temperature, lack of reactive sites, poor

Figure 12.1 iPP configuration [5].
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12.2 Moisture absorption of different
fibres at 65% RH [3,4]

Table

Fibre

Moisture regain (%)

Olefin
Polypropylene
Polyster
Acrylic
Nylon
Acetate
Aramid
Cotton
Viscose rayon
Wool

0.01
0.4
0.4
1.6
4.5
6.5
4.57
8.0
13.0
16.0

hydrophilicity/dye uptake, and sensitivity to photooxidation, and some of these
characteristics directly impact the quality of the cultured substrate. PP also has low
shrink resistance at temperatures above 100 C. The glass transition temperature
(Tg) of iPP ranges from 230 C to 25 C [3,6]. Certain limitations may be improved
to some extent by modifying the processing technology or through chemical modification of the fibre, for instance by incorporating dye sites within the fibre matrix to
improve fibre dyeability [720].
Molecular weight is an important feature of the polymers as it predominantly
influences various polymer properties such as strength, elongation, and modulus of
elasticity. The average molecular weight of PP ranges from Mw 5 100,000 to over
300,000 g/mol.
The structural properties as well as crystallinity of the fibre which are influenced
by the configuration of possible stereoisomers, namely isotactic, atactic, and syndiotactic, affect the physical properties and the coloration of polyolefins. iPP forms
well-defined crystals and possesses high stiffness, mechanical strength, and chemical
resistance [21,22]. Along with ordered crystalline structures, PP can also assume a
paracrystalline form which is believed to be a combination of a glass and a disordered
(meso) phase [23].
The transformation of molten or dissolved polymer into a solid phase during the
spinning process is one of the most significant elements in fibre structure formation
and of key importance to fibre and color scientists. This process involves irreversible
changes of many structural characteristics in the fibre forming polymer including the
degree of molecular orientation and crystallinity. Totally noncrystalline material may
be either brittle solids, such as glasses, or rubbery materials, such as rubber [24]. The
fibre formed during spinning essentially has two phases: crystalline and noncrystalline. In the noncrystalline or amorphous phase, the density of mass of the polymer
chain is low. The amorphous region allows access to dye or pigment molecules
during the coloration process; however, this region is mechanically weak and can
significantly affect the physical properties as well as dyeability of the fibre.
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Previous studies have demonstrated that the poor dyeability of PP is not due to
inaccessibility of the fibre because the dye solution can diffuse straight through
PP films [25]. The diffusion of dye through PP is closely related to the degree of
crystallinity as well as orientation of the polymer chains [26].

12.3

An overview of dyefibre interactions

In discussion of the interaction between dyes and fibres, various types of forces
exerted by one molecule upon another should be considered carefully. Several
types of molecular interaction could be established between different dyefibre
combinations. There are four major types of intermolecular forces: covalent bonds,
electrostatic (ionic) bonds, hydrogen bonds, and van der Waals forces. According to
strength, chemical bonds are divided into two groups: primary and secondary
bonds. Primary bonds include covalent and ionic bonds and secondary bonds
include hydrogen and van der Waals forces.
The intermolecular forces mostly originate from transfer of electric charge. The
covalent bond is the primary binding force in nature and the main valency bond in
chemistry, e.g., the CN bonds in which the two participating atoms contribute one
electron each to the common bridge and form a bond of high strength (B300 to
over 830 kJ/mol). Apart from certain fibre-reactive dyes and fibres such as cotton
and wool, covalent bonds are not present in many dyefibre interactions. As polyolefins have no obvious available reactive sites, there is little possibility of forming
this kind of interaction between polyolefins and the dye molecule. Table 12.3
summarizes the range of bond energies for these interactions [2729].
An electrostatic or ionic bond is formed between two participating atoms
where one atom donates one or more electrons to the other to complete its outer
shell. As an example, sodium chloride is formed by means of ionic bonds. The
strength of an ionic bond is related to distance: ionic bonds are not “broken,”
their strength is simply diminished by distance. The local environment of an
ionic bond largely determines its strength. Ionic bonds that are inaccessible to
solvent tend to be quite strong, even approaching the strength of a covalent
bond (B210 kJ/mol) [29]. Electrostatic forces are prominent in dyeing of
protein fibres with acid dyes. Unmodified polyolefins are completely nonpolar,
and therefore ionic bonds cannot be seriously considered in their interaction
with a dye molecule.
Water molecules are bound together through hydrogen bonding; therefore hydrogen bonds are abundant in nature. These forces are also significant in the coloration
process since a large number of dyes and fibres possess groups capable of forming
hydrogen bonds with each other. Hydrogen atoms are very small in size yet have
a very high polarizing power and under specific conditions can form bonds with
two atoms. In order to form a hydrogen bond, the hydrogen atom must be covalently bonded to one atom of high electronegativity and be positively polarized.
This creates affinity between the hydrogen atom and a second electronegative atom
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Comparison of approximate bond energies
of different categories of chemical bonds

Table 12.3

Bond typea

Bond energy (kJ/mol)

Covalent
CC
NN
Metallic
Cu
W
Ionic

1001000
347
942
10220
56.4
212.3
100250
300500b
127
1155
20.5
7.8
05
48b
0.29
2.10

NaCl
Hydrogenc
H2O
NH3
van der Waals
He
Xe
a

Raghavan [27].
Warner [28].
Emsley [29].

b
c

mainly N, O, or F, but in some cases also Cl or S. The hydrogen bond is a relatively
weak bond (from 12 to .155 kJ/mol). It has been shown that some disperse dyes
can form hydrogen bonds with polyethylene terephthalate (PET) [30,31]. The feasibility of the formation of hydrogen bonds between dyes and unmodified PP is
negligible.
van der Waals forces are mainly divided into two groups: dispersion (London
forces) and polarization forces. However, the term has also been used to include
dipoledipole, dipole-induced dipole, and π-orbital forces. van der Waals forces
are weak but their overall strength increases with an increase in molecular size of
the interacting molecules. Their strength is also proportional to the contact area as
well as the distance between the molecules. In the dyeing of unmodified polyolefins
such as PP, these forces can in principle serve as the possible dyefibre interaction
[30]. In addition to the general interaction among molecules due to their size and
location, certain reactions also occur due to the nature of the interacting compounds. Alkyl chains, for instance, tend to cluster together in an aqueous environment using “hydrophobic interactions.” In the coloration process, this phenomenon
is caused by hydrophobic groups present in dyes and fibres. If the hydrophobic
interaction between dyes absorbed and the fibre is sufficiently strong, dyes cannot
migrate back to the dyebath [30]. Due to the nature of polyolefins it might well be
expected to generate sufficient intermolecular forces between a dye with long alkyl
chain and fibre.
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Colorants

Color can be imparted onto or within a medium using coloring compounds
generally known as colorants. The term is used to describe both dyes and pigments.
Most dyes are water soluble, unlike pigments, and are usually dissolved or dispersed in a liquid medium before being applied to a substrate onto which they are
fixed by chemical or physical means or both. They lose their crystal or particulate
form during the application process. The US Federal Trade Commission lists 13
classes of dyes which include acid (anionic), basic (cationic), direct, fibre reactive,
sulfur, azoic, vat, mordant, solvent, food, drug and cosmetic, and other dyes [32].
Certain dyes are not very soluble to start with, such as disperse dyes which are only
sparsely soluble in water and applied as fine dispersions. Other dyes including vat
and sulfur dyes are completely insoluble in water but their application requires conversion into a water-soluble leuco form by means of chemical reduction during or
before the application process. Dyes are predominantly applied to textiles, leather,
and paper; however, they have found recent applications in electronics and reprographic industries. Water is the main solvent in the dyeing industry due to its
suitability and availability, although nonaqueous solvents have also been employed.
The term pigment has been used to define a finely divided solid material, in the
form of discrete tiny particles, essentially insoluble in the application medium
[33,34]. Some pigments, however, can dissolve partially or completely and then act
as dyes. Pigments can be organic and inorganic. Inorganic pigments include whites;
blacks; iron oxides; chromium oxide greens; iron blue and chrome green; violet;
ultramarine pigments; pigments based on cadmium and those based on lead, pearlescent pigments, and metallic pigments. Inorganic pigments are superior to organic
pigments in heat and light stability, weathering, migration resistance, and chemical
resistance, and are characterized by high specific gravity [3,35]. Organic pigments
include monoazo, disazo, disazo condensation, quinacridone, dioxazine, vat, perylene, thioindigo, phthalocyanine, and tetrachloroisoindolinones [35]. Organic pigments have a higher tinting strength than inorganic pigments. Pigments are
primarily used in paints, inks, and plastics, and for the mass coloration of certain
synthetic fibres including commercial polyolefins such as polyethylene and PP. The
shape, size, and other physical properties of pigments can significantly affect the
properties of the host fibre and should be considered prior to the application to
the medium.

12.5

Coloration of unmodified polyolefins

In many cases the production of dyed fibres with acceptable quality requires the use
of many auxiliary products and chemicals, wetting and penetrating agents, as well
as retarding, leveling, and lubricating compounds. However, the structural features
of stable and strong unmodified iPP fibres create additional challenges in dyeing
due to limitations in dye accessibility, lack of sufficient intermolecular forces
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between the colorant and the fibre, low density and moisture regain of the fibre, as
well as the complete nonpolar aliphatic nature of the material. Currently the only
commercially accepted method for the coloration of PP is based on mass coloration
or pigmentation of the fibre during the spinning process. However, BASF recently
launched an innovative ImPPulse technology that is claimed to have resolved key
issues in the coloration of PP fibres. Additional information regarding this process
is given in Section 12.5.4.

12.5.1 Pigmentation of PP
Synthetic fibres that are cultured during their manufacture may be lacking dye sites,
e.g., PP, or possess low dyeing rates as with aramid fibres, or require high wash
and light fastness or are needed in large quantities. Polyolefin polymers and
suitable pigments can be processed together, through blending, in a manner to
obtain a fine dispersion of the pigment particles in the fibre matrix. This process is
referred to as mass coloration or pigmentation. However, other terms including
dope dyeing, melt dyeing, spin dyeing, extrusion dyeing, and solution dyeing have
also been used [3,36,37]. Since the colorant applied is essentially insoluble in the
medium, the use of the dyeing term is technically incorrect. Mass coloration or
pigmentation of PP is the main route to obtaining cultured polyolefins; recently,
however, modified PP fibres have also been dyed on a commercial scale. Mass
coloration of solution-spun fibres, known as dope dyeing, requires dyestuffs that
can be dispersed or dissolved in the spinning solution before extrusion. Mass coloration of melt-spun fibres requires thermal stability of the dyestuffs up to about
300 C. The color most frequently produced by this process is black, usually by
applying special grades of carbon black. Generation of cultured man-made fibres
through mass coloration makes the production more efficient, economical, and
compared to the aqueous dyeing more environmentally friendly, with reduced
energy, time, and labor consumption. Mass pigmented PP fibres are used in outdoor
applications and in automobiles.
The morphology of PP can be affected by the addition of pigments [38].
Suitable pigments must be stable in the molten polymer at 230280 C as a fine
and uniform dispersion at submicron particle size to obtain optimum tinctorial
strength. In addition, the degradative and stabilizing action of pigments on the polymer during processing must be assessed carefully to ensure no adverse influence on
the mechanical properties of the PP fibre due to the addition of pigments. The
degree of dispersion of a pigment in a medium is dependent on the particle size and
shape as well as structure of the aggregate. In the application of pigments, certain
other properties such as opacity, gloss, and flow also need to be considered.
Colorfastness of pigmented PP is also claimed to be related to the extrusion
temperature of the polymer [39].
Pigmentation, as a coloration technique, has several shortcomings: the technique
is not as simple and flexible as solution dyeing and the addition of pigments prior
to fibre extrusion may cause levelness and reproducibility issues. Moreover, the
selection of specific colors and the stocking of cultured yarns often in large
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amounts, while from the production point of view economically attractive, are
dependent on seasonal market trends. In order to make a change in color, the extrusion equipment needs to be properly cleaned. A significant quantity of raw materials as well as considerable time would also be needed, thus increasing the overall
cost of production [40]. In addition, mass pigmentation is not a flexible process and
hue alterations cannot be done as in a dye-house. Moreover, since mass pigmented
fibres cannot be dyed in blends, they lose their full value as textile fibres [24].
Other processing challenges associated with the mass coloration of PP include nonuniform fibre spinning, and winding which can affect uniform distribution of solid
pigment particles across the polymer matrix.
Particle size is a very important factor in influencing the hue, color intensity,
transparency, or opacity as well as aggregation tendency of pigments. The dimensions of organic pigments ranges from 0.02 to 0.50 μm [34,4143] with primary
particles holding cubic, platelet, needle, as well as other irregular shapes as shown
in Fig. 12.2 [44].
The tiny primary pigment particles have a tendency, influenced by their size distribution, shape, surface treatment, crystalline structure, and chemical composition,
to join together [34,41,45], and form aggregates. The surface area of aggregates as
a result is lower than that of the sum of the primary pigment particles. Aggregation
is a hindrance in achieving high color yield as it reduces the level of subdivision of
pigment crystals [34,41,46]. In order to improve dispersion of particles within the
polymer matrix, the number and size of aggregates and agglomerates has to be
reduced as much as practically possible. The geometry of crystals and their surface
roughness are key factors in the degree of aggregation [34].
Aggregation of pigment crystals leads to various technological limitations,
including loss of mechanical strength in polymer matrix, fibre breakage during

Figure 12.2 Primary particle and aggregates [44].
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spinning, difficulty in matching consistent color in production, and poor optical
features of the final product. In addition, from an economical viewpoint, aggregation causes other problems which include consumption of excess energy for the
dispersion, loss in production time, wastage of pigment, and subsequent problems
in the spinning process. Modifications to conventional pigmentation include the use
of polyolefin-based wax compounds, e.g., Huls AG’s Vestowax P930 which limits
pigment agglomeration [47]. The wax compound has both polar and nonpolar
segments and thus enables interaction with the pigments as well as the polymer,
effectively acting in a manner similar to a surfactant.
In the pigmentation of synthetic fibres, commercial producers commonly generate predispersed pigments, commonly known as master batch, in a carrier polymer.
Master-batches contain a high concentration, 20%50%, of pigment to achieve
fine dispersion and dispersion stability of pigment during processing [4853].
Master-batch formulations also contain a carrier polymer, dispersing agents, as well
as other compounds; however, their actual composition is often a commercial secret
and differs from manufacturer to manufacturer.

12.5.2 Selection of pigments for mass coloration of PP
Selection of pigments should not be based solely on hue, tinctorial strength, opacity
or brightness of the colorant, and other factors such as processing conditions and
end use environment of the product have to be considered carefully [54]. Pigments
must also be stable under processing conditions, have sufficient physical and
chemical stability, be compatible with other additives used within the polymer, and
possess superior performance during the service life of the product [3,52,54].
Products such as home furnishing and outdoor textiles require stability to various
forms of weathering including exposure to visible and UV light, moisture, temperature, and chemicals. Inorganic pigments have excellent stability to light; however,
organic pigments’ stability varies from poor to excellent depending on their chemical structure. Table 12.4 provides examples of pigments used for the mass coloration of PP [55]. For black and white colors, inorganic pigments are dominant; iron
oxide browns are also used for economic reasons. However, recent advances in the
generation of high-performance organic pigments, which provide brilliant shades
Table 12.4

Examples of pigments used in the mass coloration of

PP [55]
Cl generic
name

Cl
No.

Chemical
class

Yellow 151
Blue 15:3

13980
47160

Monoazo
Phthalocyanine

Red 122
Blue 60

73915
69800

Quinacridone
Indanthrone

Cl generic
name

Cl No.

Chemical
class

Red 48: 3
Yellow 93

15865: 3
20710

Red 202
Red 177

Unknown
65300

Monoazo
Azo
condensation
Quinacridone
Anthraquinone
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and superior fastness properties, have facilitated their use for the coloration of PP.
Fading due to exposure to light also depends on the concentration of the pigment
used. The degree of dispersion also affects the light stability of the pigments and
highly dispersed pigments fade more rapidly than poorly dispersed pigments.
Fading or color change could also occur due to degradation and discoloration of
stabilizers present in the fibre, especially those containing nickel and to some extent
phenolic antioxidants.
Pigment stability to heat is also important as insufficient stability causes
off-shade colors. In the case of PP, stability is a function of exposure time as well
as the processing period which could vary from a few minutes at 250 C to over
30 minutes at 300 C. Resistance to heat of inorganic pigments is excellent and these
are mostly used for the coloration of PP. Most organic pigments only resist high
temperature for a few minutes and prolonged exposure leads to their decomposition,
darkening, and sublimation. Many monoazo organic pigments are not suitable for
application due to the high spinning temperature required. Phthalocyanine green,
blue, and carbazole violet organic pigments may be used since they possess
adequate heat stability at the processing temperature of PP [3,33]. It has been
shown that several pigments including CI Pigment Yellow 17 and 83 and Pigment
Orange 13 and 34 degrade to toxic diamines at temperatures above 200 C and
therefore should not be used for toxicological reasons.
Adverse interactions between pigments or other impurities with additives present
within the compounded polymer including stabilizers, and auxiliary agents, e.g.,
antistatic agents and processing aids, must be minimized. These unforeseen reactions can cause serious discoloration of the polymer or dulling of shade. Stabilizers
containing nickel and lead impurities may interact with sulfur-bearing pigments.
It ought to be borne in mind that the presence of certain auxiliaries, such as antistatic agents, in polymer matrix may result in a change in color of some organic
pigments that are otherwise stable at processing temperature.
The presence of pigments within the fibre matrix can significantly influence the
mechanical properties of fibres. Particle shape and size of pigments have a major
impact on drawability and tensile properties of PP during the spinning process.
Fig. 12.3 shows a comparison of tensile properties of pigmented fibre with different
types of powder and master-batch pigments. An increase in pigment loading results
in increased impairment of tensile properties [3,44].

12.5.3 Dyeing unmodified polyolefin fibres
with commercial dyes
Unmodified PP is generally thought to be undyeable and thus research into the
application of commercial dyes to PP fibre has been of significant interest to color
and textile chemists. This is because dye application must accompany commercially
acceptable levels of shade, brightness, levelness, and colorfastness. There are
several challenges that could potentially restrict the dyeing of unmodified fibre
with commercially available dyes. These include the hydrophobic and completely

–5.00

Change in tensile strength (%)

–10.00
–15.00
–20.00
–25.00
–30.00
–35.00
–40.00
–45.00
–50.00
0.10%
IPBGeulbetilagr

0.40%

0.50%

IPB4eniburetilagr

–11.81

–25.52

IRSWwolleyetilag

–14.40

–31.52

IPB2eniburetilagr

–14.40

–27.92

MB blue
MB yellow

0.80%

1.60%

–34.03

–45.45

–19.87

–9.23

–21.92

–32.71

MB black

–32.21

–38.13

MB tan

–21.92

–32.71

Figure 12.3 The effect of pigment type and content on tensile properties of PP [44].
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aliphatic nature of the polyolefin fibres, the degree of crystallinity and morphology
of fibre, glass transition temperature, lack of adequate intermolecular forces
between the dye and the fibre, and low fibre density.
Dye molecules are often thought to reside in the amorphous regions of the
fibre as the crystalline areas of the polymer matrix are not readily accessible.
Highly crystalline fibres, such as aramid fibres, are therefore difficult to dye.
In the case of PP, crystallinity should not be the main challenge as the fibre
has approximately 40% accessible amorphous regions which could in principle
allow dye entry.
The glass transition temperature of iPP is 215 C. The glass transition temperature of high-density polyethylene (HDPE) is 2120 C; that for PET is 70 C and the
Tg of nylon 6,6 is 50 C [4]. Therefore the glass transition temperature of iPP should
not be a major hindrance in the dyeing of the fibre.
Dyeable fibres must be accessible to dye molecules. Although PET is highly
crystalline, it contains ester groups and aromatic nuclei which enable dipoledipole
and van der Waals interactions with disperse dyes. PP fibres are highly crystalline
and have a stereospecific morphology which limits the internal volume of fibre
required for the retention of dye molecules. In addition, the fibre does not have dye
receptors within its structure and this trait limits the adsorption of dye by PP fibre.
In their experiments with unmodified PP film, Bird and Patel [26] concluded the
feasibility of dyeing iPP with disperse dyes is limited. They noted, however, that
compared with cellulose acetate, disperse dyes have higher diffusion coefficients
for PP and concluded that the amorphous region is more readily accessible to
disperse dyes.
The presence of polar groups in fibres can serve as active sites for the interaction
with dye molecules by virtue of polar bonds. As discussed in Section 12.3 the
potential intermolecular forces between PP and dye molecules might be based on
weak van der Waals forces as PP is completely nonpolar and nonionic in nature.
If the adsorption and diffusion of dye into the fibre matrix is not accompanied
with sufficiently strong forces of interaction between the dye and the polymer, dye
molecules would not be retained within the fibre and colorfastness of the fibre
would be very poor. One of the main difficulties in dyeing PP is, therefore, insufficient
affinity between the fibre and dyes.
Several groups have attempted to improve the dyeability of PP by increasing the
interaction forces between the dye and the fibre. The following strategies have been
investigated in this regard:
G

G

G

G

Chemical or physical modification of fibre to introduce dye sites or anchor points
Increasing the affinity of the dye to the fibre with the aid of auxiliaries
Development of novel high affinity dyes for the fibre
Fixation of dye onto the fibre with the aid of binders or resins.

The dyeability of some of the other synthetic fibres such as polyester and
cellulose acetate was improved with the aid of these techniques, however, limited
success has been observed for polyolefins. Some of the approaches based on
conventional coloration techniques are briefly described in the next section.
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12.5.4 Dyeing unmodified polyolefins with conventional
techniques
Nearly 30 years ago, in his description of dyeability of PP with disperse dyes,
Shore [56] indicated that the dyeability of the fibre can be improved by interfering
with the ability of the isotactic polymer to crystallize readily. The significance of
this statement is the suggestion that a modification to the processing of fibre may
be the key to reaching a compromise between acceptable fibre quality and dyeability. Several groups, however, have attempted to apply various dye classes including
acid, vat, azoic, disperse, and solvent dyes to PP to examine the feasibility of conventional dyeing of unmodified PP. These coloration methods have not achieved
much commercial success but may elucidate the potential mechanisms involved in
the dyeing of polyolefin fibres and thus are briefly reviewed in this section.

12.5.4.1 Acid and direct dyes
Acid dyes are mostly sodium salts of organic acids and require application from an
acidic bath. Their color gamut is quite large; however, their fastness properties vary
from very poor to very good [30,57]. They establish ionic bonds with
suitable groups in fibres; however, since the fastness properties of dyed fibres
increase with an increase in the molecular size of the dye, it is assumed that nonpolar van der Waals forces are also important for the fixation of dye onto the fibre.
The application of acid dyes to PP has been investigated by several researchers and
the reported literature indicates that the dyeability of PP nonwovens with acid dyes
is significantly increased following a plasma treatment [58,59].
Direct dyes may be defined as anionic dyes substantive to cellulose when
applied from an aqueous bath containing an electrolyte. Their chemical constitution
is similar to that of acid dyes. Because of this similarity, it is conceivable that
suitable direct dyes could also establish van der Waals forces with PP fibre upon
application. Potential candidates might be large direct dye molecules containing
a small number of sulfonic groups to increase initial affinity toward the hydrophobic PP fibres.

12.5.4.2 Vat and sulfur dyes
As the oldest natural coloring material, vat dyes have been commonly applied to
cellulosic fibres. The insoluble colorant, which changes to a different hue upon
vatting, is converted into the water-soluble leuco compound with the aid of alkaline
sodium dithionite during the application process. These colorants have excellent
chemical stability and outstanding fastness properties; however, they are comparatively expensive and do not provide a full color gamut. Their chemical structures
are based on indigoid, anthraquinone, or other highly condensed aromatic ring
systems containing conjugated double bonds. Water-soluble forms of vat dyes
based on sodium salts of sulfuric acid ester of the leuco compounds are also
produced [60].
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Attempts at dyeing PP with vat dyes have demonstrated that the leuco acids of
vat dyes may have affinity toward PP fibre [58,59], and that by optimizing the dyeing conditions a range of saturated colored PP fibres can be produced [61]. Other
studies indicate that a heat treatment is required to improve the rate of dyeing with
leuco acids of vat dyes as well as the fastness properties of dyed fibres [62]. The
application of solubilized vat dyes on PP fibre at various temperatures has also
been reported [58,59,63]. Results of these studies indicate that an increase in temperature from 60 C to 90 C induces increased diffusion and rate of dyeing.
In addition to these studies some patents include claims indicating that vat dyes
have technically useful affinity for unmodified PP [18,64]. The application requires
exhaustion at high temperature (120130 C) for a period of 4060 minutes followed by oxidation of dye initially at 30 C and then at 110 C to obtain good fastness to light and wet processing. Sheth and Chandrashekar [64] report the use of
vat dyes for the coloration of modified PP material containing aliphatic amine as
well as bis-amides, and bis-urethanes.
Similar to vat dyes, sulfur dyes are initially insoluble in water and their application to textiles requires conversion to water-soluble leuco compounds with the aid
of a reducing agent such as sodium sulfide (Na2S). Sulfur dyes contain sulfur linkages within their molecules and their chemical constitution is believed to be based
on complex polymeric structures containing aromatic heterocyclic (thiazines and
thiazoles) units [57]. Water-soluble sulfur dyes are usually thiosulfate derivatives of
the leuco compounds. Due to their polymeric features, some sulfur dyes with structures similar to those shown in Fig. 12.4 [65] may be potential candidates for the
dyeing of PP fibres. These large polymeric dyes require strong reducing agents
such as sodium dithionite in order to be converted to the leuco form.

12.5.4.3 Disperse dyes
The majority of disperse dyes are based on azo structures; however, violet and blue
colors are often obtained from anthraquinone derivatives. In comparison to azo
dyes, anthraquinone derivatives often exhibit higher light stability.
The transfer mechanism of a disperse dye from the aqueous environment onto
the fibre surface and the nature of the subsequent interaction between disperse dyes
and hydrophobic fibres has been heavily investigated over the last several decades.
One mechanism proposes the formation of a layer of dye particles on the surface of
the substrate leading to the subsequent adsorption of dye via a physical contact
[66]. Dyes on the surface of the fibre are taken up by the fibre and replenished by
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Figure 12.4 CI Vat Blue 42 (Hydron Blue) [65].
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Figure 12.5 A proposed disperse dye transfer and adsorption mechanism.

those traveling from the bulk dispersion on to the surface of the substrate. This
process is schematically depicted in Fig. 12.5.
Colorfastness properties of PP dyed with disperse dyes is often considered to be
poor [67,68]. Disperse dyes with good solubility as well as those with long-chain
linear hydrocarbon tails [26,69,70], however, have shown promise when applied to
PP fibres. These dyes can be applied from an aqueous dispersion at 100 C with the
aid of carriers or using the dry heat Thermosol technique. Due to environmental
concerns the use of carriers is currently very limited. However, the dyeing of PP
with the aid of an auxiliary agent has been reported in a US patent which reports
successful application of disperse dyes to PP from a dye admixture [71].
Studies also indicate that dyes with increased hydrophobic character show higher
affinity toward PP. For instance azo disperse dyes based on N-alkylaniline derivatives show significantly higher affinity toward PP compared to those based on
hydroxyethylaniline or aromatic primary amine derivatives [72].
Fig. 12.6 shows examples of dyes containing various types of alkyl chains.
Dyes with branched alkyl chains show good solubility [7276] and are capable of
dyeing PP fibre to a significant extent. However, they do not produce strong and
heavy depths, nor provide a full color gamut and exhibit poor light and crockfastness properties [3]. It may be thought that increasing the length of alkyl chain
attached to the dyes might promote dye uptake by PP due to potential for co-crystallization of dye with the fibre matrix. Studies demonstrate that the length of the
alkyl chain has little impact on improving the substantivity of the monoazo disperse
dyes for PP [75]. However, increasing the length of the alkyl chains of 1-alkylaminoanthraquinone seems to improve dyeing properties on PP fibre with C-10 dye
giving the optimum dye yield [25,75]. Indeed, the application of 1,4-bis-(octadecylamino)-9,10-anthraquinone (Fig. 12.6C) on PP shows high exhaustion levels and
strong depths of shade obtained [76]. Lightfastness of dyed fibres with dyes including n-octadecylamino substituent group is also improved [67]. However, increasing
the length of alkyl chains beyond C-8 can potentially cause dye aggregation and
tail entanglement in the dyebath which would compromise dyeing levelness.
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Figure 12.6 Azo (A), aminoanthraquinone (B), and octadecylaminoanthraquinone (C) dyes
used for dyeing of PP [3].

Therefore dispersion stability of dyes, including 1,4 bis-amino-anthraquinone dyes
[77], needs to be maintained and if possible improved. Suitable surface-active and
dispersing agents used for this purpose include Zonyl FSK (nonionic), Zonyl FSA
(anionic), and Zonyl FSC (cationic). It has also been reported that the addition of
toluene to the dyebath might further improve dye uptake [7,25,67].
Therefore, pending further optimization of the process, the commercial application of disperse dyes based on 1-n-octadecylaminoanthraquinone and its derivatives
on PP may be potentially feasible.
A promising method involving the use of disperse dyes has also been developed
recently; however, technical details of the work are not publicly disclosed [5].
Polyolefin fibres produced were successfully dyed to deep uniform shades with
excellent wash and crockfastness properties and tensile properties of dyed fibres
were also significantly improved compared to their pigmented counterparts [78].
Recently BASF announced the production of a new PP fibre commercially
branded MOOO which is claimed to allow dyeing from aqueous media in a standard industry process with conventional disperse dyes [79]. BASF technology is
based on the use of anchor points inside the PP fibre which retain dye molecules
and enable durable dyeings. The report indicates that fibre can be dyed in fabric
form with standard disperse dyes marketed for polyester dyeing. The selection of
suitable dyestuffs is stated to be key for dyeing success, and suitable dyes provide
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deep and brilliant shades with good fastness level. Exact technical details of the
technology are not available.
Other methods including the use of disperse-reactive dyes containing vinyl sulfone groups for the coloration of PP fibres have also been reported in the literature
which indicate the addition of amino acids to the dyebath increases dye uptake and
improves fastness properties [80].

12.5.4.4 Solvent-soluble dyes
Various types of solvents, including alcohols, amines, phenols, dimethylacetamide,
and ethylene glycol have been employed to assist the application of dyes to synthetic and natural fibres.
Several theories have been advanced to describe the mechanism of solventinduced accelerated dye uptake. It is suggested that solvents create or enhance
the interactive forces between the dye and the fibre and thus establish an affinity
bridge [81,82]. A commonly proposed theory indicates the adsorption of solvent
by the fibre increases the accessible bulk space available to the dyes which
in turn improves the rate of dyeing [81,83,84]. Other theories include the
formation of a separate phase in the dyebath covering the fibre surface where
dyes are more soluble [81,85] as well as the breakdown of dye aggregates by
solvents [83].
Studies examining the effect of the addition of several organic solvents as well
as their solubility parameters on dye adsorption on PET and PP show that dye
uptake at equilibrium is increased with the addition of solvent for both fibres [86].
Results of dyeing PP with CI Disperse Red 60, at 100 C and 130 C for 60 minutes,
in presence of solvents show deepest dyeings are achieved in the presence of toluene,
p-xylene, and tetramethylbenzene [25,87].
Disperse dyeing of PP in the presence of dimethylformamide, acetic acid, and
acetone shows that the use of solvents accelerates the penetration of dyes into the
polymer, with dimethylformamide providing maximum fibre swelling among solvents examined [83]. Fibre swelling and accelerated dye adsorption by dimethylformamide is attributed to the van der Waals interactions between the nonpolar part of
the dimethylformamide molecule and the hydrophobic PP as well as polar interactions with water which result in weakening the binding forces of macromolecular chains within the fibre and opening up the structure of the polymer to dye
molecules [83].
The increasing awareness of environmental as well as toxicological effects of
solvents, however, necessitates a careful assessment of the use of solvents in the
dyeing process. In the selection of solvents, toxicity, cost, availability, volatility,
flammability, stability under application conditions, corrosiveness, and chemical
interaction with equipment and textile fibres must therefore be considered. Some
of the solvents recently employed as dyeing assistants include chlorinated hydrocarbons, perchloroethylene, dimethylacetamide, methanol, benzyl alcohol, and
dimethyl sulfoxide.
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12.5.4.5 Other methods
A number of other approaches have been attempted to overcome restrictions in the
dyeing of polyolefin fibres. Some of these methods are based on the use of supercritical fluids and others include the use of novel dye structures or methods as well
as the use of dye inclusion compounds.
Supercritical fluids are substances under specific temperature and pressure
conditions which exist as a vapor and liquid in equilibrium and show the properties
of both liquids and gases. Supercritical fluids are very good solvents. Many gases
such as CO2, H2O, and NH3 can be converted to supercritical fluids under
suitable conditions. Due to restrictive temperature and pressure conditions required
for the generation of supercritical fluids, only supercritical CO2 is economically useful for purification and extraction purposes. The application of a series of disperse
reactive dyes, developed by chemical modification of natural dyes with sulfonyl
azide reactive groups, on PP as well as polyesters and polyamide 6.6, under supercritical carbon dioxide conditions was reported in the literature [88]. Dyeing of PP
with Red 60, Orange 76, and Yellow 3 disperse dyes under supercritical CO2 shows
that dye uptake was significantly increased; however, the wet-fastness properties of
the dyed fibre were unsatisfactory [89]. In a different study, the dyeing of PP with
disperse azo, benzoazo, and anthraquinone dyes under supercritical CO2 was examined which showed that azo dyes with a naphthalene moiety produce deeper colors
compared to benzoazo or anthraquinone dyes [90,91]. The fastness of dyed samples
to sublimation in storage was rated 34 and that to wash at 40 C was rated 5.
Attempts have also been made to dye PP with azoic colorants. In order to
improve the performance of dyes and obtain satisfactory dye uptake, a number of
auxiliaries, swelling agents such as hydrocarbons, chlorinated hydrocarbons, polyalkylene glycol, long-chain alkyl phenols, organic and inorganic acids, mordants, as
well as reducing agents have been employed. None of these methods, however,
have yielded commercially acceptable dyeing results.
The synthesis of an azo disperse dye rotaxane (RD) with host α-cyclodextrin
(α-CD) and its subsequent application to TiO2-filled PP fibre was recently reported
[92,93]. The synthesized dye was not very soluble but the threaded α-CD ring
surrounding the dye increased its solubility in water. A schematic representation
of the encapsulated dye structure is shown in Fig. 12.7. The azo dye rotaxane was
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applied to PP from an aqueous solution and a metallized complex obtained with the
addition of copper ions was also applied. The study indicates that the use of metallized compound results in increased molecular size and improved colorfastness to
wash. The interaction between the complex and the fibre matrix is suggested to be
based on hydrogen bonding between TiO2 particles and the 2 OH groups on α-CD.
Previous studies indicate that CD binding to a TiO2 surface induces high adsorption
of dye molecule on nanocrystalline TiO2 film [9497]. Therefore it was suggested
that the strength of bonds between α-CD and TiO2 is sufficient to provide a durable
color on PP fibres containing TiO2. It was also suggested that the binding ability of
rotaxanated dye to a polymer host matrix may be controlled by chemical modification of the hydroxyl groups on CDs, making it possible to promote stronger interactions with polymer matrices. The inclusion of the dye within the CD structure may
also increase dye stability to exposure to light as it can protect the chromophore.
In a different study, low-temperature plasma using oxygen and corona discharge
has also been employed to improve dyeability of PP with disperse dyes [98].

12.6

Improving coloration of PP through fibre
modification

As mentioned in Section 12.5.4, the modification of polyolefins may be the key in
achieving commercially acceptable dyeings. This process involves chemical as well
as physical modification of polyolefin fibres which includes the development of
microfibres, the use of multicomponent fibres, incorporation of dye receptors to
polymer backbone through copolymerization and graft copolymerization, polyblending of dyeable polymers or dye receptive additives with polyolefins prior to
fibre spinning, and surface treatment of polymer after fibre extrusion. Each of these
techniques is briefly described in the following sections.

12.6.1 Use of additives
Additives are used to enhance various fibre properties such as dyeability, water
absorption, thermal and light stability, as well as ease of processing [45,51]. The
use of polymeric and other additives to modify polyolefin fibres is one of the most
important industrial techniques for the development of dyeable polyolefin fibres
[35]. Dye receptor additives can be incorporated either in the polymer chips prior to
fibre spinning or into the molten polymer during extrusion. Compatibility of host
polymers with additives, however, is a critical factor in the success of this process
as polyolefin fibres often contain a variety of additives. Some additives may initiate
adverse chemical reactions with the host polymer at temperatures around 300 C.
Therefore it must be ensured that the inclusion of additives would not result in
adverse interactions with other components within the fibre matrix or impair fibre
properties [34]. Additives used must have thermal and chemical stability under processing and application conditions, have appropriate particle size, be compatible
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with other components, and possess sufficient dispersibility within the fibre matrix
to provide uniformity of distribution [69,70]. Examples of compounds used to
modify polyolefin fibres include bis-amides, bis-urethanes, and aliphatic amine
modifiers which enable dyeing fibre with vat dyes in the presence of polyvinylpyrrolidone [18]. A study indicates that blending of PP with up to 20% of a 50:50
mixture of metal sulfonate and an oil-soluble alkylarylsulfonate enables fibre
dyeing with cationic dyes [99]. PP can also be blended with many oligomeric
additives such as hydrogenated oligocyclopentadiene to produce disperse dyeable
composites [8].
Compounds incorporated into polyolefins to enhance their dyeability may be
classified into the following broad categories: nano and other low molecular weight
compounds, dendritic and other polymers, and metallic compounds. These methods
are briefly described in the following sections.

12.6.1.1 Nanoparticles
The modification of PP fibres with the infusion of nanoparticles may result in the
generation of “dye sites.” The degree of dispersion as well as particle size distribution of nanoparticles in the polyolefin matrix, however, should be optimal. In
a recent study, four different types of nanocomposite PP film, comprising PP and
nanoclay in various proportions, were dyed with CI Acid Red 266 and CI Disperse
Red 65 dyes [100]. Initial results exhibited unlevelness for all varieties of dyed PP
nanocomposite films; however, compared to virgin PP films their dyeability was
significantly improved. The study indicated that increasing the amount of nanoclay
results in a noticeable improvement in the dye build-up of the nanocomposite PP
film. The interaction between nanocomposite film and disperse dyes was suggested
to be based on van der Waals forces. Since the surfactant on the clay surface is positively charged, it was suggested that an ionic bond was formed with the negatively
charged acid dye molecules. In order to improve the levelness of dyed films, the
dispersion of nanoclay in the composite was improved using milling as well as the
ultrasonication technique to reduce the particle size. Films were then subjected to
dyeing with a number of acid and disperse dyes and level dyeings at various depths
of shade were reported. The dye build-up was not increased for nanoclay loading
beyond 2% possibly due to dye site saturation within the PP matrix. Reported washfastness results of the dyed PP nanocomposite films were good for both acid and
disperse dyes, although staining on nylon 6,6 was observed with acid dyed films.
Acid dyed films showed lightfastness in the range of 4.56 (on a scale of 8), and
disperse dyed films were considered to have excellent lightfastness as no fading
was observed. In another study, PP nanocomposites with three different clay loadings, namely 2%, 4%, and 6% on the weight of the polymer, were prepared by solution mixing [101]. The solution-mixed nanocomposites were extruded to fibres
using a single screw extruder and the PP nanocomposite fibres were uniformly
dyed with three distinct disperse dyes at different levels of shade. The enhanced
dyeability of the PP nanocomposite fibres was characterized by spectrophotometric
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measurements and satisfactory wash, light, and crockfastness results were also
achieved.

12.6.1.2 Dendritic and other polymers
Dendritic polymers are highly branched structures which could provide potential
anchor points to various compounds, and contain large numbers of functional end
groups capable of forming van der Waals, dipole, and donor-acceptor forces with,
for instance, dye molecules. Dendritic polymers have been added to polyolefin
fibres in an attempt to improve fibre dyeability. The incorporation of these compounds within fibre may disrupt the polymer matrix. Therefore it must be ensured
that they are effective in low concentration and their addition to PP does not create
compatibility issues or impair mechanical or other properties.
A number of researchers have investigated the use of dendrimers and hyperbranched polymers, collectively known as dendritic polymers, as a means of improving the dyeability of PP fibres [13,102104]. Acid and disperse dyes have been used
to dye PP loaded with up to 4 wt% dendritic polymer with a reported 30% increase
in dyeability compared to virgin PP. It is claimed that the modified polymer thus
prepared has excellent dye uptake and fastness properties, and does not adversely
affect the spinning process or mechanical properties of the fibre [105].
Other polymeric additives incorporated in PP fibres include poly(ethylenevinyl
acetate) copolymers, PET, and polyamide 6. These additives are reported to
enhance fibre dyeability with disperse dyes [12,35,106]. Incorporation of up to
15 wt% polyester additive in PP fibres is also reported to result in excellent disperse
dye uptake [35,76].

12.6.1.3 Metals and metallic compounds
Organometallic compounds and metal salts have been used as ligands in the dyeing
of fibres with certain dyes [107]. Many metallic compounds were also widely used
to protect PP fibres against photodegradation. Transition metals and those belonging
to multivalent Groups II, III, and IV of the Periodic Table confer stability to
modified PP fibres. Metals used include nickel [108], titanium [109], cobalt [110],
aluminum [111], zinc [110,111], and chromium [112,113]. PP containing nickel stabilizers, however, were preferred for their ability to provide fibres with optimum
lightfastness properties. In addition, these stabilizers are capable of forming complexes with certain disperse and solvent-soluble dyes and the fastness properties of
these modified fibres are improved [56,114,115]. In fact the inclusion of nickel
made it possible to produce dyed PP fibres for outdoor applications [116]. The
application of dyes to fibres under exhaust dyeing methods did not yield good levelness and was highly temperature dependent and was therefore abandoned
[69,70,114]. It ought to be borne in mind that dye absorption and diffusion in the
dyeing of metal-modified PP is dependent on the formation of the complex between
dye-metal and organo compound which is sensitive to time and temperature [107].
Reports from early trials indicated that rapid strike occurs in the initial stages of the
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dyeing and a reduction in temperature through the use of organic solvents in the
dyebath might resolve this problem [117]. In addition, the presence of other metals
in the dyebath in the absence of sequestering agents could alter or restrict the color
of the fibre. Transition metals and nickel in particular have been incorporated in PP
fibres to enhance dyeability as well as photostability of fibre on an industrial scale;
however, this process has significant shortcomings which include poor color reproducibility, limitation of color gamut and dye type, unlevelness, and environmental
issues due to the presence of high levels of nickel additives in the effluent.
In addition, the physical and chemical interactions between the metal and other
components present within the fibre-forming polymers can significantly influence the
processability of fibre during spinning and drawing as well as fibre properties [118].

12.6.2 Polyblending
Polyblending has been used since the 1960s as a widely practiced and successful
method to modify polyolefins and improve the fibre’s physico-mechanical properties. A number of polymers, including hydrogenated oligocyclopentadiene [8],
poly-ζ-caprolactam [119,120], polyamide 6 [121], polyamide 66, polyamide 12
[35,122], wool [123], PET [124], cellulosic fibres [125], divinylbenezene crosslinked polymers [126], and various resins, such as other olefins, epoxy resins,
phenoxy resins, polyalkenimine, have been employed [54,73]. The majority of these
reports indicate improved fibre dyeability; however, in some cases fibre crystallinity is also reduced which would be associated with a significant reduction in the
mechanical properties of the fibre. Apart from improved dyeability, a physical
mixture of different polymers can potentially combine desirable properties of the
individual components and deliver fibres with high tensile strength, and thermal
as well as UV stability [127].
Studies indicate that blending PP fibres with polyamide can result in improved
sorption of humidity, dyeability with disperse dyes [128], elasticity, impact
strength, as well as decreased static charge. In polyblending one of the polymers
may be considered the host polymer which houses the additive compound.
Increasing the ratio of the additive compound to the host polymer results in
a change of the polyblend morphology. For instance, in a PPPA (polyamide)
polyblend, increasing the ratio of PP to PA changes the morphology from PP particles dispersed in a PA matrix to PA particles dispersed in a PP matrix. At high
additive concentrations, therefore, an appropriate compatibilizer should be used to
obtain a homogeneous dispersion of polyamide component in the PP matrix and
achieve good adhesion at the interface of PP and PA [122]. A study of the effect of
compatibilizer on dyeability of a PPpolyester blend indicates that the dye affinity
of the blend depends on polyester and compatibilizer concentration as well
as dyeing conditions [129].
In another study, polymer alloy fibres comprising PP and cationic dyeable PET
were produced with an in situ compatibilizer and the alloy fibres were successfully
dyed to brilliant shades with Methylene blue and Rhodamine B [130]. PET
is immiscible in PP and PPPET blends comprising more than approximately
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15 wt% can cause compatibility issues. Since cohesive forces between PP and PET
at the interface are weak, this could result in fibre fibrillation and insufficient
tensile strength.

12.6.3 Copolymerization and grafting
An alternative method for the modification of polyolefin fibres to enhance dyeability is based on introduction of dye sites to the polymer backbone through copolymerization as well as grafting. The use of these techniques enables chemical
modification of fibre without adversely affecting the properties of the polymer
backbone [19,131]. Copolymerization involves the permanent incorporation of
monomers in the backbone of the polymer chain. Grafting or graft copolymerization, however, refers to a technique in which dye receptors are permanently inserted
as branches of the backbone PP. Both of these techniques can result in the production of fibres with desirable dyeability properties while ensuring uniformity of
application as well as stability of monomer due to the chemical and structural
features of the polymers. An example based on this approach consists of stearyl
methacrylate/PP copolymers for the inclusion of acid or basic dye receptors [19].
An alternative approach is to synthesize copolymers consisting of more than one
monomer aiming at new products with better dyeability.
Copolymerization of polar monomers with PP is often challenging as monomers
tend to unexpectedly terminate the reaction with the catalyst required for the formation of stereospecific iPP [54,132]. Grafting, therefore, has been found to be more
successful [133]. Free radical grafting of PP during extrusion is a widely practiced
method to incorporate functionality into the polymer. Several patents include the
formation of dyeable polyolefin fibres through copolymerization techniques. One
such work reports the production of ethylene alkyl acrylate grafted PP which is
claimed to be dyeable with disperse dyes [64]. Nevertheless, since these approaches
require an extra polymerization step, the additional cost of the production remains
a barrier for full exploitation of the technology.
A large number of dye receptor, polar, or functional monomers can be grafted
into the unsaturated chain end of PP to generate stronger dyefibre interaction
[134]. Examples of this technique include copolymerization of PP fibres
with vinyl-based monomers such as vinyl acetate [35,135], vinylpyridine and
styrene [136], acrylic-based polymers such as acrylic acid, acrylonitrile [137],
imide-based polymers such as N-1,3-butadienylphthalimide [138], unsaturated
carboxylic derivatives, itaconic acid derivatives [122,131], as well as maleic
anhydride [135].
It has been reported that gamma radiation-induced grafting of acrylic acid onto
PP film can allow the grafted polymer to react with solutions of certain cationic
dyes including methylene green and Malachite green [139,140].
Among the major shortcomings of grafting techniques are the relatively low
thermal stability of copolymers, nonuniformity of grafting [141], as well as the
additional cost of the process which, for the most part, has prevented full commercial
exploitation of the technology.
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12.6.3.1 Chemical modification of polymer surface
Several techniques have been used to modify polymer and introduce dye receptors
on the surface of polyolefins. These techniques include halogenation [142146],
sulfonations [147,148], phosphorylation [149], and other techniques including partial oxidation, chlorination, nitration, and sulfo-chlorination. In these methods
chemical treatment of fibre is confined to the surface of PP and the process is rather
difficult to control [73].
Results of these studies demonstrate that halogenated fibres show improved
affinity toward cationic dyes and that fastness properties of dyed fibres are satisfactory. Reported studies indicate that chlorination of polyolefins to produce basic
dyeable PP requires optimized processing conditions to prevent adverse effects on
the mechanical properties of the fibre [142,150].
A number of solvents including decalin, tetralin, cyclohexane or cyclohexene,
dimethylacetamide, and ethylene glycol have also been employed to facilitate dye
adsorption by fibre and results indicate that the dyeability of PP with disperse dyes
and acid dyes after such treatments is improved [73,82].
Phosphonation treatment of PP with phosphorous trichloride shows fibre’s
affinity toward cationic dyes is improved [147], but fastness properties remain
poor [148]. Sulfonating the polymer with chlorosulfonic acid in the presence of
chloroform and tetrachloromethane also results in basic dyeable fibres [142,144].
It has been reported that dye sites on PP may be introduced through partial
oxidation of PP’s surface; however, this method diminishes the mechanical properties of the fibre [151]. Oxidizing the fibres in a mixture of KClO3 and H2SO4 can
introduce polar groups such as hydroxyl and carbonyl to continuous PP filaments.
Oxidized fibres exhibit significant improvement in dyeability when dyed with
various dyes such as metal complex, basic, and disperse dyes. In a different investigation, PP fibres were impregnated with polymerized aminotriazole complexes
at elevated temperature in the presence of transition metals (Cu21, Co21, Ni21).
The impregnated PP fibres exhibited good dyeability with anionic as well as cationic
dyes [152].

12.7

Conclusions

Despite several decades of extensive research, development of commercially
acceptable methods for the coloration of unmodified polyolefin fibres remains an
area of active investigation. Pigmentation of polyolefins is currently the most widely
used method for the generation of cultured fibres. This method is suitable for the
production of large quantities of fibre in a single color. Pigmentation, however, has
been shown to reduce the mechanical properties of the polymer. Efforts to dye PP
using various colorants as well as different fibre modification methods have generated a significant amount of interest. Dyeing of unmodified fibre according to
conventional methods often does not produce deep shades with commercially
acceptable fastness properties. The application of a series of disperse dyes, however,
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has resulted in generation of strong dyeings with moderate fastness properties.
Chemical or physical modification of fibre improves fibre dyeability compared to the
virgin compounds; however, these methods often result in diminishing the fibre’s
mechanical strength or thermal stability. In addition, fibre modification methods often
cause processing difficulties in extrusion and drawing which increase the overall cost
as well as the complexity of the operation. The dyeing of unmodified polyolefin,
therefore, remains a field of opportunity for dye and fibre manufacturers.
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13.1

Introduction

According to BCC Research LLC [1], polyolefins are the most widely produced and
used polymers. In this group of polymers, polyethylene (PE) is considered the world’s
largest plastic resin in terms of volume. It is followed closely by polypropylene (PP),
which in volume terms, is the world’s second largest polymer. Polyolefins commands a
sizeable polymer market value, which had been projected to grow at a compound annual
growth rate of 4.4% from 2011 to 2016, to reach $187.5 billion. The comparative global
size for PE and PP market is shown in Fig. 13.1
A number of applications of the polyolefins are increasingly being found in tribological application such as hip joint replacement. It is of necessity that tribology
of the components/parts made from polyolefins be studied and characterized. Often
these are not fibres but rather formed, extruded, and molded parts. Even though the
general focus of the book is on fibres, it is the considered opinion of these authors
that it suffices to review tribology of the bulk parts since inference can be made,
should information be required for fibrous parts.
This chapter, therefore, reviews wear performance of the polyolefins. In the
review, the effect of factors such as molecular weight, especially for PE, and
molecular structures on the wear performances are discussed.
For tribological applications, e.g., in total hip joint replacement application, the
wear and mechanical requirements may be stringent. For instance, creep needs to
be low, just as much as wear and coefficient of friction are required to be moderate
to low. More importantly, aseptic debris formation has to be minimized in order to
prolong the life of the part. In such instances, the polymers may not be totally suitable, unless modified to improve their wear resistance and mechanical performance.
This chapter reviews some of the strategies employed in the enhancement of the wear
performances of certain classes of PE and PP. These strategies include incorporation
of particulate matter: micron or nanoscale in size to form micro/nanocomposites,
blending with other polymers, cross-linking, etc.
Not only is the enhancement of wear resistance important, but also understanding of the tribological performance of the envisaged tribosystem is critical, since
each system is unique on its own. Characterization of the tribosystem in terms of
description of the observed trends in wear performance as a result of variation of
Polyolefin Fibres. DOI: http://dx.doi.org/10.1016/B978-0-08-101132-4.00013-8
Copyright © 2017 Elsevier Ltd. All rights reserved.
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Figure 13.1 Global size for polyolefin market by segment, 201016 ($Billions).
Source: BCC Research. Plastic research review. Wellesley, MA: BCC Research; 2013.

applied load, test speeds, test environment, test surfaces, and duration of testing
gives insight into the expected performance in real application.

13.2

Types of polyolefin

Polyolefins are by definition, a class of polymers produced from simple alkene
monomers with the general formula, CnH2n. The most common types of polyolefin
are polyethylene and polypropylene produced by polymerization of, respectively,
ethylene and propylene monomers.

13.3

Polyethylene

Discovered in 1933 at Imperial Chemical Industries by Reginald Gibson and Eric
Fawcett [2], PE continues to be among the most widely used polymers in everyday
life. It primarily consists of long backbone of covalently bonded carbon atoms with
a pair of hydrogen atoms attached to each carbon. There are many variations of PE,
mainly due to the nature of the branching. A full description of the types of PE
may be found in Refs. [24]. In this chapter, we will only briefly describe a few
classes of PE.

13.3.1 Low-density polyethylene
Low-density polyethylene (LDPE) is derived from free radical polymerization of
ethylene monomer initiated by radicals, e.g., from organic peroxides. It has a high
degree of branching, consisting of mostly long-chain branched structures as
depicted in Table 13.1. The high degree of branching results in loose packing of the

Table 13.1

Structure and densities of the basic grades of polyethylene

Basic
grade

Structure

Density
(g/cm3)

Monomer/comonomer

Catalyst/process

LDPE

Long-chain
branching
(LCB)

0.9150.930

Ethylene 1 initiator (e.g.,
organic peroxide)

Free radical polymerization

LLDPE

Short-chain
branching

0.9150.930

Ethylene 1 24%αolefins

HDPE

Linear

0.9400.970

Ethylene 1 , 1%αolefins

Ziegler-Natta, supported
chromium, or single-site
catalysts
Ziegler-Natta, supported chromium
(Phillips)
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chains, and hence low density of between 0.915 and 0.930 g/cm3 and low crystallinity. This in turn enhances clarity and ductility, but with poorer yield strength and
modulus when compared to the more crystalline and densely packed HDPE. These
properties render it particularly suitable for production of thin films, especially for
applications such as food packaging. Due to the nature of the application area, relatively little tribological research has been done on the LDPE-based materials, when
compared to ultrahigh molecularweight PE (UHMWPE). However, in some
instances, such as the outer layer of multilayer films for packaging in wire insulation,
etc., the enhancement of the wear resistance may become important.

13.3.2 Linear low-density polyethylene
When copolymerization of ethylene and α-olefins is done using suitable catalysts
(Ziegler-Natta, or supported chromium or single-site catalyst), the resultant product
is linear low-density polyethylene (LLDPE). It contains short-chain branched structures (refer to Table 13.1), and the density is in the range of 0.9150.930 g/cm3.
The density depends on the content of the comonomer (24 mol% [3]), with higher
concentration of comonomer resulting in lower density, and vice versa. It displays
better mechanical properties relative to LDPE and finds use in films applications
such as for packaging.

13.3.3 High-density polyethylene
High-density polyethylene (HDPE) is produced through polymerization of ethylene
monomer in the presence of a suitable catalyst, e.g., Ziegler-Natta or supported
chromium—Phillips [2,3]. Similar to LLDPE, it cannot be produced via free radical
polymerization. The choice of catalyst, small amount of α-olefin comonomer, and reaction conditions ensure no branching or minimal side chains, and the resultant structure is
generally linear. This allows for easy packing of the chains, resulting in high density
(refer to Table 13.1). The small amount of α-olefin comonomer is added to improve
the processability of HDPE, toughness, and environmental stress crack resistance.
The linearity of the chains enhances its crystallinity and hence higher stiffness and
yield strength when compared to LDPE. However, the higher crystallinity reduces its
clarity, when compared to LDPE and LLDPE. HDPE finds use in a wide range
of applications such as extruded pipes and blow molded, including personal care
containers, bottle products, industrial containers, fuel tanks, among others.

13.3.4 Ultrahigh molecularweight polyethylene
Similar to HDPE and LLDPE, UHMWPE is produced through catalysts such as
Ziegler-Natta, usually without using comonomers. The molecular weight is
extremely high, typically in excess of 3,000,000 [2,3]. Because of this high molecular weight, there is less efficient of chain packing, hence its density is rather low,
B0.93 g/cm3, when compared to that of HDPE. The UHMWPE has many special
and desirable properties, such as low coefficient of friction, excellent wear resistance, impact strength, resistance to environmental stress cracking, and high
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chemical resistance to acids, alkalis, and corrosive gases. These special properties
allows the material to be used in high-performance applications, including medical
(e.g., artificial hip joints) [5], fibres (body armor, nets, ropes), porous battery separator membranes, and engineering components like bearings. Due to the difficulty
in extrusion as a result of its high melt viscosity, the preferred methods of processing of UHMWPE include special techniques like RAM extrusion, calendaring,
compression molding (e.g., prosthetics), and gel spinning to make fibres.
Semifinished parts such as sheets are then machined into final products.
Commercially, products such as Dyneema Fibre (from DSM [6]) and Spectra HT
fibres (from Honeywell [7]) and others made from UHMWPE are available and do
outperform competitor materials like Nylon in terms of specific strength.
As will be seen later in Section 13.6.2 of this chapter, a lot of references on
wear resistance are based on UHMWPE. This is not surprising given the excellent
tribological characteristics of the material. The self-lubrication property renders it
suitable for sliding applications where low coefficient of friction is needed. The
extremely high molecular weight ensures that it has excellent wear resistance, thus
rendering suitable for applications such as in prosthetic hip joints.

13.3.5 Other grades
Medium-density polyethylene: Medium-density polyethylene has a linear structure
like LLDPE but with intermediate densities between that of HDPE and LLDPE due
to lower content of comonomer. The density is in the range of 0.9300.940 g/cm3.
It is also made from copolymerization of ethylene and α-olefins, aided by ZieglerNatta, supported chromium or metallocene catalysts. It finds use in pipe application
as a coating and other areas like geomembrane.
Cross-linked polyethylene: Cross-linked polyethylene is produced through crosslinking of PE to produce a three-dimensional network structure. The cross-linking
is done either via peroxides, ultraviolet, or electron beam irradiation or by silanization. The cross-linking results in a final product with enhanced toughness, environmental stress crack resistance, and low creep. It is suitable for applications such
piping, especially hot water piping.

13.4

Polypropylene

PP was first produced in 1950s by G. Natta by polymerization of propylene monomer in the presence of organometallic catalysts, based on titanium and aluminum
[8]. Compared to other polyolefins, it has better mechanical properties. Being the
least dense of all the commercial polymers, it offers good balance of properties per
unit weight, is resistant to many chemicals, and has better abrasion resistance compared to PE of comparable molecular weight.
When polymerized, the pendant methyl group takes different steric conformations resulting into three stereoconfigurations as shown in Fig. 13.2: (1) isotactic,
(2) syndiotactic, and (3) atactic.
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Figure 13.2 Stereoconfigurations of PP (A) isotactic, (B) syndiotactic, and (C) atactic. PP,
polypropylene.

13.4.1 Isotactic polypropylene
In isotactic PP (iPP), as depicted in Fig. 13.2A, all the methyl pendant groups are
found on the same side of the winding spiral chain and is as a result of polymerization of only one isomeric configuration from propylene monomer [9].
Stereospecific or Ziegler-Natta catalysts are used to polymerize PP in the isotactic
configuration [10]. iPP is by far the most common type of PP and indeed most of
the works reported here are based on it due to its superior properties when compared to syndiotactic and atactic counterparts.

13.4.2 Syndiotactic polypropylene
Syndiotactic PP is formed when the pendant methyl group is found in the alternating sides of the backbone of the chain (refer to Fig. 13.2B). Similar to iPP, this configuration is specific of Ziegler-Natta catalysis.

13.4.3 Atactic polypropylene
Atactic PP is produced when the pendant methyl group appears randomly on either
side of the chain (refer to Fig. 13.2C). It can be produced via radical reaction and
results in largely amorphous material that is incapable of crystallization.
In general, PP has good mechanical properties which enable it to be used in
many applications. For instance, in automotive industry, PP is used in the interior
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dashboard and bumpers. Melt spun fibres of high molecular-weight PP find use in
applications such as textiles, ropes, etc. On the other hand, PP can be blow molded
into packaging and extruded into various profiles and pipes. It is conceivable that in
certain applications, such as pipe and cable insulation, the wear resistance of the PP
becomes an important consideration. As such studies have been dedicated into
enhancement of tribological characteristics of certain PP for particular applications.
As will be discussed later in the chapter, these efforts have involved addition of
certain components such as natural and inorganic fibres, particulate matter like
nanoclay among others, in bids to improve the wear resistance of PP.

13.5

Wear in polymers

13.5.1 Generalities
Polymers in general are increasingly replacing metals and other materials in applications where tribological properties are of significance. Some of these application
areas include gears, bearings, seals, bushings, sliding parts (e.g., artificial human
joint bearing surface), flooring, surfaces for good tactile properties (e.g., fibres),
wear plates, roller wheels, among others [11]. The tribological properties of polymers are markedly different from that of metal and metal alloys, owing to the complexity of deformations of polymers due to their viscoelasticity. An understanding
of the wear mechanisms involved in the polymer parts, their limitations, and strategies to improve wear resistance is therefore an important undertaking that assists
the design engineer in material selection and design.
It must be understood that wear is part of a larger tribological phenomena—a
general subject that deals with all aspects of transmission and dissipation of energy
and materials in moving parts systems, including friction, wear, and lubrication
[12]. In this chapter, only wear as part of the larger tribological system is covered.

13.5.1.1 Definition, types, and mechanisms of wear
The Organisation for Economic Development (OECD) defines wear as the progressive loss of substance from the operating surface of a body occurring as a result of
relative motion at the surface [12]. Of the many different modes of wears that have
been proposed—abrasive wear, adhesive wear, fatigue wear, delamination wear,
transfer wear, erosion wear, etc. [13,14], only four major categories are generally
considered as the primary mechanisms. These include (1) abrasion wear, (2) adhesion wear, (3) surface fatigue, and (iv) tribochemical wear [12]. In general, the genesis of these modes of wear is really from two broad tribological processes, namely
stress interactions and material interactions. The stress interactions are due to the
applied load and frictional forces and encompass abrasion wear and surface fatigue.
On the other hand, material interactions occur as a result of intermolecular interactions between the environment and the interacting bodies, or between the two
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bodies themselves. It encompasses wear due to adhesion and tribochemical wear. A
brief description of the four major wear types is as follows:
1. Abrasion wear: This type of wear occurs when hard asperities on the counterface or hard
particles (third-body) between two surfaces erode material by microcutting or microploughing through the softer surface. The abrasion wear results in permanent (plastic)
deformation and its rate is proportional to surface roughness and applied load. On the
other hand, wear rate is inversely proportional to hardness of the material being abraded.
Lancaster [15] reported a better correlation (RatnerLancaster correlation) between the
abrasive wear rate, k, and the inverse of the product of breaking strength, S, and elongation at break, εðkα1=sU εÞ.
2. Surface fatigue: Fatigue occurs when there is repetitive mechanical stressing leading to
microstructural changes in the material and eventual failure characterized by generation
of wear particles. Unlike in abrasive wear, this phenomenon takes place in or below surfaces without the need for direct contact [12]. The deformation is largely elastic.
3. Adhesive wears: Adhesive wear occurs when there are interfacial adhesive linkages between
the two smooth surfaces in contact on an atomic scale. This form of interfacial wear
involves the transfer of polymer to the harder counterface and its removal as wear debris.
4. Tribochemical wear: In this case, the wear is determined by the interactions between the
environment and the material component of the tribological surfaces [12]. Initially the
material surfaces reacted with the environment forming a coating which eventually cracks
and is abraded away. The abrasion exposes fresh surface which then reacts again with the
environment, and the cyclic process continues.

13.5.1.2 Characterization of wear
There is no single parameter that can characterize wear since it is not a substantial
property but one that depends on several factors: load, sliding velocity, relative
humidity, temperature, surface roughness of the counterface, among others. For
simplicity, however, wear is characterized quantitatively by the specific wear rate,
Ks. The wear rate is expressed as the volume lost per unit sliding distance per unit
applied load force, as shown in Eq. (13.1):
Ks 5

Δm
ΔV
or
ρ  L  Fn
L  Fn

13.1

where Ks is the specific wear rate, m is the mass loss during test duration, ρ is the
density of the specimen (g/cm3), L is the sliding distance (m), and Fn is the normal
load (N).
Visual observation of the damages surface may be done by techniques such as
scanning electron microscopy (SEM), optical microscopy, atomic force microscopy,
etc. Surface profilometry and ellipsometry may also be used to quantify surface
roughness, and hence the extent of abrasive wears. Other techniques that can be
employed in characterization of wear are well discussed in Ref. [16].
Most tribometers get their names from the mode of contact between the sample
and the counterface and also the nature of the wear. For instance, pin-on-block
means test sample in the form of a pin sliding against a plate counterface.
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13.5.1.2.1 Sliding wear test
In sliding test, sliding motion between two surfaces is envisaged. Different modes
of testing may be used depending on the direction of the slide:
1. Unidirectional: pin-on-disk, block-on-ring, and pin-on-drum
2. Reciprocating sliding: pin-on-plate; ball-on-plane.

13.5.1.2.2 Rolling wear test
Rolling motion is experienced by revolute shapes such as wheels, balls, etc. More
often than not, pure rolling is difficult to achieve and instead the rolling motion
wear consists of contributions from both rolling and sliding motions. Four ball or
three ball-on-plate and twin disc rig can be used for the rolling test.

13.5.1.2.3 Scratch wear test
This involves scratching solid surface with a hard material of a given geometry
along the specific path at a constant velocity and normal force.

13.5.1.2.4 Abrasion wear test
This could be a two-body or a three-body system. The two-body system involves a
pin of specimen material pressed against a rotating disc having a specified surface
roughness. On the other hand, three-body system simulates erosion wear by third
body on the surface.

13.5.1.3 Enhancement of wear resistance in polymers
Currently polymers that can be used in tribological applications, without modification, are mostly UHMWPE and to some extent, nylon. Good combination of low
wear rates and suitable coefficient of friction may be the main limitation of application of other polymers in their virgin state in tribological systems [11]. For
UHMWPE, this combination of low wear rate and coefficient of friction is excellent
in many tribological systems. For each system, unique requirement of the low wear
rates and suitable coefficient of friction (low or high) necessitates the modification
of part of the system to realize optimal tribological behavior. The components of
the systems that are usually modified include (1) the bulk material, (2) surface
properties, and to lesser extent, (3) external factors—environment, load, speed/
rate of relative motion, etc. Polymer material modifications to enhance wear resistance include strategies such as incorporation of micro/nanoparticles, blending
of polymers, fibre reinforcement, cross-linking, and surface treatment. Each method
is system-specific and must be optimized for that particular application. Although
certain fillers are used to strengthen/reinforce the polymer so as to be able to take
more load, some may be used as solid lubricants to lower the coefficient of friction,
while other may be applied as heat conductors to sink away the frictional heat. In
the following sections, we attempt to give specific examples of reported research
work on the various strategies employed to improve wear resistance in PE and PP,
and to give an insight into the implication of the said interventions on the tribological
system.
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13.5.2 Wear in polyolefins
Polymers including polyolefins are increasingly finding use in tribological applications such as bearings, seals, bushings, rollers, wheels, prosthesis, linings of heavy
machinery, etc. It is therefore imperative that their wear behavior is studied and
characterized. On the other hand, the tribological characteristics of the polyolefins
may not be good enough for certain applications, which necessitate bids to improve
them. In the following sections, we will discuss wear performances in various types
of PE and PP and the strategies used to enhance the same.

13.5.3 Wear resistance in polyethylene
Of the different grades of PE, UHMWPE has been the most extensively studied due
to its comparatively better wear performance as a result of the extremely high
molecular weight. Part of the effort has been dedicated to LDPE [1719], HDPE
[2022], and high molecular-weight, high-density polyethylene [23] too. However,
only UHMWPE is considered in the following review:

13.5.3.1 Wear in ultrahigh molecularweight polyethylene
UHMWPE has properties, such as, low coefficient of friction, chemical inertness
and strength, that render it suitable for many tribological applications, especially in
medical area. However, poor creep resistance and stringent wear performance
requirement especially when UHMWPE is used as a bearing material in artificial
joints is a major concern. In these applications, the aseptic loosening of wear debris
eventually impacts negatively its long-term clinical usage, and as such needs mitigation. The mitigation has over the years through several strategies such as: (1) use
of fillers, (2) radiation cross-linking, (3) grafting, and (4) ion implantation. The
evaluation of the wear of UHMWPE has been done against alumina [24], cobalt
chromium alloy [25], and steel surfaces under relevant conditions for the application, including dry sliding, serum, water lubricated, physiological saline [24], and
sea waterlubricated [26] conditions.
Being an advanced engineering plastic with low friction, superior wear resistance, high toughness, ultra-low water absorption, and very good chemical stability,
UHMWPE use has expanded into various spheres, including the harsh marine environments. As such, tribological characterization of UHMWPE in such environments
as sea water has continued to attract participation from researchers and product
developers. Wang et al. [26] investigated the effect of sea water on friction and
wear behavior of UHMWPE/GCr15 steel and UHMWPE/electroless NiP alloy
coated steel, and compared it to the performance in dry sliding and in fresh water
and saline water (3.5% NaCl) solution. Under dry slide condition, frictional heat is
generated which leads to softening and adhesion to the counterface, leading to high
coefficient of friction. This heat is however effectively removed by water or the
lubrication by water lowers frictional heat in the case of aqueous medium. The
authors observed that the wear rate of UHMWPE when sliding against GCr15 steel

Improving wear resistance of polyolefins

401

in sea water medium was the highest, while UHMWPE against NiP alloycoated
steel was the lowest in sea water medium. It was concluded that the sea water is a
good lubricant but was causing indirect corrosion wear (corroding the counterface).
Three strategies employed in enhancing wear properties of UHMWPE: (1) addition of micro/nanoparticle; (2) blend and blend composites, and (3) cross-linking
are discussed briefly.

13.5.3.1.1 Micro- and nanocomposites
The use of fillers in influencing/fine tuning the wear behavior of polymers is well
reviewed and documented [2729]. A number of fillers can be used to alter the
wear resistance of UHMWPE, including carbon nanofiber [30,31]; graphite nanoparticles [32]; nanoclays [33,34]; silicon carbide nanoparticles [35]; basalt fibres
[36]; quartz powder [37]; natural coral microparticles [38]; wollastonite fibre
[39,40]; micro- and nano-ZnO [41]; nanohydroxyapatite (nano-HAP) [42]; zirconium particles [43]; and carbon nanotube (CNT) [21]. These could form micro or
nanocomposites, depending on the sizes of the filler and the state of dispersion in
the polymer matrix.
The goal in micro/nanocomposites is to be able to disperse the particle uniformly
in the matrix in order to realize the potential benefits from them, including wear performance enhancement. Recently, Liu and colleagues [32] treated graphite nanoplatelet (GNP) with silane in a process described in Ref. [22] and melt-mixed it with
UHMWPE, with a molecular weight of B3.5 3 106 g/mol (sample code Comp-s).
The wear performance was compared to that of composites containing only heat-treated GNPs (Comp-ht). As evident from Fig. 13.3, silane treatment resulted in better

Figure 13.3 Specific wear rates of nanocomposite based on heat-treated GNP (comp-ht) and
silane-treated GNP (comp-s). The specific wear rate of UHMWPE is shown by the dotted
line. GNP, graphite nanoplatelet; UHMWPE, ultrahigh molecularweight polyethylene.
Source: Reworked from Liu T, Eyler A, Zhong W-H. Simultaneous improvements in wear
resistance and mechanical properties of UHMWPE nanocomposite fabricated via a facile
approach. Mater Lett 2016;177:1720, with permission.
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wear performance compared to heat-treated GNP (composite containing 1 wt% GNP
resulting in a 98% reduction in wear rate compared to neat UHMWPE). This was
attributed to the better dispersion of the former, owing to the silane tails inducing
physical entanglement with UHMWPE. Lower contents of the GNPs also resulted
in better wear performance and this may be attributed also to the expected better dispersion at lower particle content. Generally, GNPs have superior solid lubrication
capability, hence the reduction in wear rates in some of the composites.
Alternative routes for melt-processing UHMPWE composites include use of oligomers that can be subsequently extracted. Galetz et al. [30] have reported the use
of paraffin oil as a processing aid in processing UHMPWE/carbon fibre composites,
at relatively high loadings of 5 and 10 wt% of the carbon fibre nanoparticles. The
wear performance of the composites was better than that of processed neat
UHMPWE, but was inferior relative to unprocessed UHMPWE. This might have
been due to rather poor dispersion of the carbon nanofibers due to relatively high
content and lack of surface modifications.
Aside from carbon nanofibers and graphite nanoplatelets, clays have also shown
good improvement in wear resistance when incorporated in UHMWPE [33,34]. In
order to have good wear performance, proper dispersion is imperative and therefore,
similar questions exist in these composites too: how does one disperse the particles
in highly viscous polymer? Guofang [34] compared the effectiveness of melt processing and in situ polymerization techniques in preparing UHMWPE/Kaolin composites and evaluated their wear performance. The content of kaolin was relatively
high: 11 and 26.5 wt%. The unlubricated sliding behavior of the composites was
tested on a block-on-ring rig, and the wear performance evaluated as a function of
slide velocity and applied force per unit area. The UHMWPE/Kaolin composites
made via in situ polymerization resulted in better wear performance, for comparable
loads and sliding velocities. The microstructure of the two types of composites was
markedly different, with the crystals of composites made via in situ polymerization
being smaller than those made through melt processing. The superiority of the wear
performance of the UHMWPE/Kaolin composites made via in situ polymerization
was attributed to the better dispersion of the kaolin in the matrix, as well as the
incidental smaller crystal size.
Dansheng’s and colleagues [42,44] examined different biocompatible particles—
nanohydroxyapatite and carbon fibre, in order to determine their suitability in the
modification of UHMWPE used for total joint replacement. The target performance
indices for such application include low creep, hardness, resistance to wear and low
coefficient of friction, among others. Even though UHMWPE exhibits low coefficient of frictions when applied as joint replacement, it has poor creep resistance and
does wear over some time, hence the need for its modification. Carbon fibres with
a diameter of B7 μm and a length of B1 mm were dry mixed with UHMWPE
powder and pressed under a load of 120 MPa at 200 C for 8090 min [44]. The
composites had carbon fibre content of between 5 and 30 wt%. The hardness of the
composites increased with an increase in carbon fibre loading, and so was wear
resistance, under both dry and water lubricated slides. Adhesion, ploughing, plastic
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deformation, and fatigue were considered the main wear mechanisms for neat
UHMWPE, while for the carbon fibrecontaining UHMWPE, abrasive wear and
drawing out of CF in the wear surface of the composites was dominant. On the
other hand, 1 and 7 wt% of nanohydroxyapatite was used to modify the irradiated
and none-irradiated UHMWPE [42]. The samples were prepared by vacuum hotpressing method, and then some were irradiated by gamma rays at a rate of 100
kGy. It was observed that in order to realize improvement in wear resistance for the
irradiated systems, 7 wt% hydroxyapatite was required, since low content, i.e., 1 wt
%, was not enough and resulted in inferior wear performance relative to irradiated
UHMWPE. An increase in hydroxyapatite resulted in a reduction in coefficient of
friction in both irradiated and nonirradiated UHMWPE. The addition of 7 wt%
hydroxyapatite in nonirradiated UHMWPE resulted in B40% reduction in the coefficient of friction. The irradiation of UHMWPE itself resulted in reduction in wear
rate and only samples containing 7 wt% hydroxyapatite performed better.

13.5.3.1.2 Ultrahigh molecularweight polyethylene blends
and blend composites
Even though UHMWPE has very good wear performance, it is not possible to process it by common conventional methods such as extrusion. It also exhibits high
creep when compared to metals, or bones, in the cases where it applied in prosthetics. It could however, be blended with easier to process PE such as HDPE [45,46]
to confer processability and also better resistance to creep. In so doing, the wear
performance may be adversely affected. In order to mitigate against this, Xue et al.
[21] incorporated multiwall CNTs in order to enhance the wear resistance of
UHMWPE/HDPE blends. Just 20 wt% of HDPE was enough to make UHMWPE
processable. Two sets of CNT was used, acid-treated, and as-received CNT. The
CNT loading ranged from 0.2 to 2 wt%. Wear tests were performed on a ball-onprism tribometer at an applied load of 21.2 N, a slide velocity of 28.2 m/s. As
shown in Fig. 13.4, the specific wear rates reduced substantially for both sets of
CNT—treated and untreated, even at low concentrations of CNTs. The neat
UHMWPE/HDPE blends had inferior wear resistance when compared to
UHMWPE, but on addition of even 0.2 wt% CNT, the wear rates dropped to values
lower than that of UHMWPE. This is remarkable since the HDPE not only made
the UHMWPE processable but also enhanced its creep resistance.
Blends of UHMWPE with its fibres have also been shown to improve its wear
performance [25,47]. This interesting technique involves dry-mixing UHMWPE
powder with its UHMWE fibre then molding them into the desired shape. The drymixing process ensures random orientation of the fibres and hence anisotropy in the
mechanical and tribological properties. Up to 60 vol% short fibre of UHMWPE
could be incorporated in the UHMWPE. Dry sliding test against steel of surface
roughness, Ra, of 0.1 μm at an applied load of 48 N, and a sliding velocity of
0.24 m/s revealed reduction in wear rates, especially at 30 vol% loading of fibres.
This is attributed to the load-bearing action by the fibres.
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Figure 13.4 Steady-state wear rates of UHMWPE and UHMWPE/HDPE (Cop) with
different CNT concentrations. UHMWPE, ultrahigh molecularweight polyethylene; HDPE,
high-density polyethylene; CNT, carbon nanotubes
Source: Reproduced from Xue Y, et al., Tribological behaviour of UHMWPE/HDPE blends
reinforced with multi-wall carbon nanotubes. Polym Test 2006;25(2):2219, with permission.

13.5.3.1.3 Cross-linking
Cross-linking of UHMWPE is regarded as suitable wear resistance enhancement
technology. This has mainly found use in the medical field [4854], where the
overall objective has been to enhance the wear resistance in prosthesis applications.
However, it is well known that osteolysis, which is occasioned by numerous
UHMWPE wear debris, is responsible for the long-term failures of knee and hip
prostheses [5558]. As such, the reduction of UHMWPE wear debris remains the
most important aim of today’s orthopedic research on prosthesis-bearing materials.
Cross-linking of UHMWPE has been explored precisely to solve this problem.
Some important parameters to consider during cross-linking of the UHMWPE for
medical applications are: the level of radiation by gamma or electron beams—in case
of radiation-induced cross-linking; posttreatment; effect of residual free radicals;
effect of radiation on mechanical properties of the UHMWPE, among others. The
desire is to enhance wear resistance, while at the same time keeping the good
mechanical properties of UHMWPE.
Even though wear resistance is improved vastly by increased radiation dosages
[54], it should be noted that the high-energy radiation increases the susceptibility of
UHMWPE to oxidative decay due to the accumulation of free radicals. The oxidative damage is dependent on the radiation level and stabilization through thermal
methods or incorporation of antioxidants such as vitamin E [48,49]. Another way of
realizing a balance between mechanical properties and wear resistance is through
the use of moderate irradiation levels as reported by Schwartz and Bahadur [52].
These authors investigated cross-linking of UHMWPE with the moderate 50-kGy

Improving wear resistance of polyolefins

405

electron-beam irradiation and the effect of thermal stabilization and accelerated
weathering on the wear and mechanical performance. The wear rates of all crosslinked samples were reduced, in the order of Neat UHMWPE . cross-linked
stabilized . cross-linked nonstabilized . cross-linked nonstabilized and aged. While
thermal stabilization after cross-linking greatly reduced the modulus of UHMWPE,
the reduction is observed in nonstabilized samples, whether aged or not was not as
much. They concluded that stabilization step can be avoided and that moderate
UHMWPE cross-linking without stabilization has some potential for industrial and
biomedical applications.
Apart from radiation-induced method, cross-linking can also be done chemically,
e.g., with peroxide [54]. McKellop and colleagues [54] reported the development—
via radiation (331000 kGy) and peroxide treatment (1 wt%), of extremely wearresistant UHMWPE for total hip replacements. Tribological performances evaluated
using hip-joint simulator tests—against femoral ball of cobaltchromium alloy, in
bovine calf serum, under double-peaked Paul-type physiological load—that lasted
up to 5 million cycles revealed that both types of cross-linked acetabular cups
exhibited high increase in wear resistance.

13.5.3.1.4 Surface treatments
In addition to cross-linking, further improvement in wear resistance may be done
by surface modification of either the counterface [5962]—through oxygen diffusion and thermal oxidation—or the UHMWPE itself. The surface treatment of the
UHMWPE involves techniques, such as ion implantation [14,6365], plasmaenhanced ion implantation [64], and phospholipid grafting [6668], and has been
shown to enhance wear resistance, especially under lubrication.
In ion implantation in UHMWPE, typical ions such as N1, are accelerated to
high energy and directed toward the surface. The surface bombardment by ions
may result in surface cross-linking, and hence hardness. Ge et al. [65] reported friction and wear behavior of N1-implanted-UHMWPE against ZrO2 counterface.
They observed increase in the coefficient of friction, with implantation, but with
enhanced wear resistance in plasma lubrication. However, in dry friction, the N1implanted-UHMWPE showed inferior wear behavior, when compared to untreated
UHMWPE. The wear behavior changed from adhesive wear for the untreated
UHMWPE to abrasive and fatigue wear in N1-implanted-UHMWPE. However,
one drawback of implantation and grafting techniques is that they only form a shallow depth of penetration, hence making the parts unsuitable for long-term service
in biomedical application.
Recently, grafting of phospholipid polymer, 2-methacryloyloxyethyl phosphorylcholine (MPC) onto PE surface has resulted in a marked decrease in wear rate and
coefficient of friction [6669]. Developed by Moro et al. [68], MPC has since been
used to graft medical devices and has been shown to suppress wear and is used
in clinical trials of a number of medical devices [70]. MPC acts as an efficient
lubricant with low coefficient of friction as depicted in Fig. 13.5, by covering the
surface roughness of UHMWPE, thereby resulting in preventing wear, as was
observed by Wang et al. [67].
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Figure 13.5 Hypothesis of MPC layer structure on a rough UHMWPE substrate. MPC,
2-methacryloyloxyethyl phosphorylcholine; UHMWPE, ultrahigh molecularweight
polyethylene.
Source: Adopted from Wang N, et al. Nanomechanical and tribological characterization of
the MPC phospholipid polymer photografted onto rough polyethylene implants. Colloids Surf
B Biointerfaces 2013;108:28594, with permission.

13.5.4 Wear resistance in polypropylene
The strategies to improve wear resistance in PP include (1) addition of micron-scale
particles and fibres (natural fibres, glass fibres, and carbon fibres), (2) addition of
nanoscale particles, e.g., clay, CNT, tungsten disulfide, etc., (3) blending of PP
with other polymers such as HDPE and UHMWPE and various composites based
on the blends. These strategies have been summarized in Table 13.2.

13.5.4.1 Microcomposites
Addition of microscale particles such as natural fibres, glass fibres, carbon fibres,
CaCO3 and borax [71], wollastonite [72], fly ash, and BaSO4 [73] is one of the strategies employed in enhancement of the wear resistance in PP. Generally, their effectiveness is influenced by volume fraction, anisotropy in the case of fibres, their
tribological characteristics, interfacial adhesion, state of dispersion and orientation in
PP, etc. A summary of the microcomposites and how they influence wear resistance
in PP is found in Table 13.2, while few examples are discussed below.

13.5.4.1.1 Natural fibre reinforcement
Efforts have been directed at the use of natural fibres, as reinforcement of PP matrices, either with a compatibilizer (PP-g-MA) or without. This reinforcement is
usually expected to assist in enhancing the wear characteristics of polymers, including
PP [74]. In many instances, the wear performance of the natural fibrereinforced
PP depends on the state of dispersion of the fibres, fibre orientation, volume fraction, modifications, their physical characteristics, and tribological operating

Table 13.2

Strategies of enhancing wear resistance in polypropylene

Strategy

Filler/dispersed phase

Polymer matrix

Ks

μ

Wear characterization:
equipment, counterface material,
load, slide velocity, sliding
distance imaging

Remarks/mechanism

Reference

PP/Natural fibres
microcomposites

40 wt% Pine wood fibre
(silane treated)

iPP (15%PP-gMa)

k

k

Abrasion wear

[81]

20 wt% Nettle
20 wt% grewia optiva
20 wt% sisal

PP

k
k
k

m
m
m

Debonding, cracks, fibre
fracture, and debris
formation

[82]

Hemp (30 wt%)

PP

k

2

PP

k
k

m
m

Sisal fibre (23 wt%)

PP 1 PP-g-MA
(15 wt%)

k

m

Ploughing, crack
formation and
detachment, as well as
fracturing of fibre and
matrix
Failure mode observed
during the test was
microbuckling and
followed by splitting
while fibrematrix
interfacial failure
occurred
Wear depended on PP-gMA content, i.e., 5 wt
% high wear rate

[77]

Paddy straws (5 wt%)
Kenaf 1 glass fibre

Block-on-ring tribometer
Steel, Ra 5 0.3 μm
100 N, dry sliding at 1 m/s, 600 m
Imaging: Confocal image profiler;
2
EM
Pin-on-disc tribometer
Hardened steel, Ra 5 0.3 μm
10,20,30 N load; 13 m/s, 3000 m
Imaging: SEM
Pin-on-disc tribometer
Stainless steel, Ra 5 1.6 μm
10,20,30 N load; dry slide speed
13 m/s, 3000 m
Imaging: SEM
Pin-on-disc tribometer
Ra 5 0.1 μm
9.819.4 N load; dry slide speed
1.22.7 m/s, 3000 m
Imaging: SEM

Reciprocating tribometer
17 N load
Distance: 6.425.6 m
Imaging: SEM

[80]

[75]

(Continued)

Table 13.2

(Continued)

Strategy

Filler/dispersed phase

Polymer matrix

Ks

μ

Wear characterization:
equipment, counterface material,
load, slide velocity, sliding
distance imaging

Remarks/mechanism

Reference

PP/Inorganic fibre
microcomposites

Carbon fibre (10, 20,
30 vol%)

PP

k

k

Ring-on-disk tribometer
Steel, hardness HRC 5 62 6 2
50200 N load, 50200 rpm speed
Time 5 30 min, Dry test conditions
Imaging: SEM

[84]

Carbon fibre (dielectric
barrier discharge treated)

iPP

k

k

Glass fibre (20 vol%)

PP

k

k

Block-on-ring reciprocating
tribometer
GCr15 steel ball, oil lubricated
9 N load, 5-mm reciprocating strokes,
sliding frequency of 12 Hz, test
duration of 2 h
Imaging: SEM
Pin-on-disk rig
Counterface covered with 400 and
320 grit size of silica carbide
emery paper
4.9114.72 N load, 0.2 m/s slide
velocity, at relative humidity of
57%

No data on wear rates
provided
Wear resistance and
lowering coefficient
attributed to debris
containing carbon
fibre forming a third
body film (rolling
effect)
The more the treatment
time, the better the
fibre interaction with
PP and the lower the
wear rate and
coefficient of friction

[85]

CaCO3 (1020 wt%)

PP block
copolymer

k

k

Major wear mechanisms:
microploughing,
microcracking,
microcutting, and
interfacial debonding
Increased fibre length led
to increased cohesive
energy


Other PP
microcomposites

Pin-on-disk tribometer

[83]

[71]

PP nanocomposites

PP/CNT
nanocomposites

m
k

m
k

PP

k

k

molybdenum disulfide
(0.11 wt%)

iPP

k

k

Tungsten (WS2), with/
without N,N0dicyclohexyl-2,6naphthalene (NJ)
MWCNT (07 wt%,
1015 nm long)

iPP

k

k

PP

k

k

CNT (0.53 wt%)

PP 1 PP-g-MA

m

k

Borax (0.52 wt%)
CaCO3 (020%) 1 Borax
(02 wt%)
Clay (15 wt% C15A)

Steel counterface
5 N load, slide velocity of 1.57 m/s
for 22.6 km distance at 50% RH
Pin-on-disk tribometer
Brass surface, Ra of 0.2 μm
Load stress: 15 MPa, slide velocity of
0.35 m/s, slide distance of 3600 m
Imaging: Optical microscope
Pin-on-disk tribometer
Steel surface
5 N load, rotation speed of 375 rpm,
sliding distance of 6000 m
Pin-on-disk tribometer
Steel surface
5 N load, rotation speed of 375 rpm,
sliding distance of 6000 m
Pin-on-disk tribometer
Steel counterface, Ra 5 0.84 μm
1050 N load, at dry sliding velocity
of 15 m/s
Imaging: SEM

Pin-on-disk tribometer
Steel counterface, Ra 5 1.24 μm
20 N load, 0.125 m/s dry sliding
velocity
Imaging: Optical profilometer




[71]
[71]

Clay content and
dispersion influenced
the extent of wear
resistance

[90]

Solid lubricantenhanced
wear resistance

[88]

Lubrication by WS2 and
mechanical properties
could be responsible
for wear resistance
 Higher loading of
MWCNT results in
lower wear rate and
coefficient of
friction
 Mechanisms:
microcracking, wear
debris, CNT pull out
 Unexpected increase
in wear rate with
increase in CNT
attributed to CNT
lubrication
 Adhesive wear of
neat PP by transfer
film of on
counterface

[87]

[95]

[94]

(Continued)

Table 13.2

(Continued)

Strategy

Filler/dispersed phase

Polymer matrix

Ks

μ

Wear characterization:
equipment, counterface material,
load, slide velocity, sliding
distance imaging

Remarks/mechanism

Reference

CNT (as
received;
and
purified)

PP

k

k



m

Critical CNT
content 5 08%
, 0.8%, wear
resistance enhanced
. 0.8,
agglomeration
results in increased
wear rates
Generally, increased
wear rates and
coefficient of, with
some exceptions

[93]

m

2 N load, 0.0128 m/s dry slide
velocity, slide distance of 200 m
Imaging: SEM

Low content of
UHMWPE (15 wt%)
result in almost same
wear rate as neat
UHMWPE
(2%NC 1 10% SCF
PP/PA) .(2% NCPP/PA) . (Gr-PP/
PA) . neat (PA/PP)
in terms of wear rate

[105]

0.40.8 wt
%
1.6 wt%




PP blends and blend
composites

CNT Clay(sepiolite) (various
combinations) 0.75 wt%

PP 1 10 wt%
PP-g-MA

050 wt% PET

PP with/without
PP-g-MA
PP

UHMWPE (2, 4, 10, &
15 wt%)

PA66 (1:1 with PP) 1
various contents of:
graphite-Gr, nanoclay-NC,
short carbon fibre-SCF

PP 1 1 wt%
PP-g-MA

m

m

Pin-on-disk tribometer
Steel and tungsten carbide
515 N load, 100 rpm disk spin
velocity, distance of 3000 m



k

k

Pin-on-disk tribometer
Steel counterface
1.066.34 MPa and dry sliding speed
0.281.09 m/s, distance of 300 m
Imaging: SEM
Pin-on-disk tribometer
Steel with Ra 5 0.46 μm
20 and 80 N load, sliding velocity
36 m/s and distance of 6000 m.
Imaging: SEM



k

k Decrease; m increase; 2 no significant change.
Ks, wear rate; μ, coefficient of friction; C15A, Commercial Cloisite C15A organomontmorrilonite; CNT, carbon nanotube; MWCNT, multiwalled CNT.



[92]

[106]
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conditions—applied load, sliding velocity, and sliding distance. These natural fibres
include sisal [75], jute [7678], kenaf [79,80], wood fibres [81], etc.
Aurrekoetxea et al. [81] studied the correlation between the microstructure of the
wood pine, PP, and wood-reinforced PP (WPC) to their wear rates, using a blockon-ring tribometer, at a load of 100 N and at a dry slide velocity of 1 m/s. Good
dispersion of the fibre was ensured by pretreating them with N-2-aminoetil-3aminopropiltrimetoxisilane solution and mixing PP with maleic anhydridegrafted
PP. The tests were done parallel to the alignment of fibres/molecules or flow direction in the injection-molded specimens. The wood reinforcement enhanced wear
resistance of PP and lowered the coefficient of friction with the authors ascribing
this partly to the enhanced strength of the composite—from 22.2 to 39.8 MPa for
PP and WPC, respectively, and the lower frictional temperature rise in WPC due
to the wood fibre. Since the surface roughness, Ra, of the counterface of 1.1 μm
was greater than 0.05 μm, the wear was attributed to mostly abrasion and the same
was corroborated with SEM images of the damaged surfaces.
Similar wear resistance results have been reported for PP composites based on a
variety of other natural fibres, including nettle [82], grewia otiva [82], and sisal
[75,82]. Friction and wear test were done on a pin-on-disc apparatus under dry sliding condition at different sliding speeds (13 m/s), applied loads (1030 N), and
sliding distances (10003000 m). As much as 80% reduction in wear rate was
reported by Bajpai et al. [82] for nettle-reinforced PP, at a load of 30 N and a dry
sliding speed of 3 m/s. These authors realized a decrease in specific wear rate of
between 10% and 80% at different combinations of applied loads, sliding speeds,
and reinforcing materials—nettle, grewia optiva, and sisal. From discussions and
SEM images, no clear-cut wear mechanism could be pin-pointed but rather a combination of several modes—debonding, cracks, fibre fracture, and debris formation
—were considered the more likely wear mechanisms.
Even though the dispersion of the fibre is important, there is a limit on the amount
of the compatibilizer to be used based on its effect on the wear performance of the
composites. Dwivedi and Chand [75] observed that for PP/sisal fibre/PP-g-MA
system, composites with medium concentration of the compatibilizer (2 wt%), i.e.,
PP-g-MA, showed better wear resistance. At higher PP-g-MA content (5 wt%), the
wear resistance was lowered, primarily due to the internal slippage of molecules.

13.5.4.1.2 Carbon fibre reinforcement
Carbon fibres are usually used for reinforcement of various polymers due to its
high specific strength among other properties. Very little has however been reported
on the reinforcement of PP with carbon fibre for the purposes of enhancement of
wear resistance [83,84]. In one study, surface treatment of the carbon fibre was
deemed important for its dispersion in PP and improvement of interfacial adhesion
[83]. The carbon fibre was treated with dielectric barrier discharges (DBD) in ambient air to improve its surface activity. The wear rate and coefficient of friction of
the polypropylene filled with DBD-treated carbon fibre were lower than those of
untreated carbon fibre composite. This was attributed to the better interfacial adhesion as a result of the surface treatment of carbon fibre [83].

412

Polyolefin Fibres

13.5.4.1.3 Glass fibre reinforcement
PP/glass fibre microcomposites show marked improvement in wear resistance
[85,86]. Similar to many other reinforcements, the glass fibres act to enhance plastic deformation energy of the PP composites, which eventually result in low abrasive wear rates, in cases where the latter is the dominant wear mechanism. In this
regard, factors such as fibre length of discontinuous glass fibres and interfacial
adhesion influence the extent of wear resistance enhancement. Subramanian and
Senthilvelan [85] studied the effect of fibre length—long (1.35 mm) and short
(0.278 mm) glass fibre—on the wear resistance enhancement in PP. The glass
fibrereinforced PP resulted in substantially lower wear rates and coefficient of
friction. The longer fibre lengths proved to be more effective in wear resistance
enhancement. The wear mechanism in the unfilled PP was microploughing, with
the abrasive wear groves growing bigger with increased load. The crystallinity also
improved with the length of the fibres. Improved crystallinity resulted in better
cohesive energy which also contributed to better abrasion resistance. In the glass
fibrereinforced composites, the main wear mechanism was microcutting [85].

13.5.4.2 Nanocomposites
A number of nanoparticles are used to modify the properties, such as mechanical
and wear resistance, of PP. These include fullerene-like tungsten disulfide (WS2)
[87], molybdenum disulfide [88], nanoclays [89], carbon nanotubes, among others.
These will briefly be discussed as follows.

13.5.4.2.1 PP/clay nanocomposites
A recent technology that has found traction in polymer reinforcement is clay nanotechnology. If proper dispersion is achieved (intercalation and delamination), the
multiple property improvement in the resultant polymer/clay nanocomposites could
be enormous. In tribological applications, a few works have been reported on this
potentially useful technology [9092]. Incorporation of just 2 wt% organically modified montmorillonite, Cloisite C15A clay into PP resulted in 85% increase in wear
resistance [90]. The nanolevel dispersion of the clays in the PP matrix—implying
molecular interaction with the polymer chains and chain segments—makes material
removal to be slight, leading to the formation of a transfer film between the relatively
moving surfaces. Like in the previous situations, the wear mechanism in neat PP was
microploughing. The PP/clay nanocomposite also presented similar wear mechanism.
Although not discussed by the authors [90], the dual improvement of the strength,
hardness, and toughness in the clay nanocomposites could be responsible for the
observed lower wear rates.

13.5.4.2.2 PP/CNT nanocomposites
As observed with other composites, proper dispersion of the particles in the polymer
matrix is necessary for the realization of enhanced tribological properties. By purifying the CNT through oxidation with HNO3/H2SO4, there was improvement in its
interaction with PP matrix, leading to presumed better load transfer efficiency from
PP to CNTs, and hence, the improvement in wear resistance values [93]. Moreover,
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the content of the CNT in the PP matrix determined the extent of dispersion which
consequently affects the mechanical and tribological properties of PP/CNT nanocomposites. It was observed that the reduction in wear rates and coefficient of friction
only occurred at concentrations of less than 0.8 wt%, and was attributed to formation
of third bodies comprising CNT debris which acted as a solid lubricant. Above 0.8 wt
%, the wear rate and coefficient of friction were actually higher than that of PP. This
was attributed to the poor dispersion of the CNTs at higher concentration which
resulted in delamination of CNT clusters during wear test [93]. Similarly, high CNT
content of 0.53 wt% resulted in poorer wear performance compared to neat PP
[94], despite the reduction in the coefficient of friction with an increase in the CNT
content. Such is the complexity of wear performance in PP/nanocomposites that wear
improvement is not always assured simply by adding fillers in the matrix. These
mixed results have also been recently reported by Orozco et al. [92] who, in spite of
using low CNT content—0.75 wt%, did not observe widespread improvement in
wear resistance in the PP/CNT nanocomposites, with the exception of a few formulations. Exception to these mixed observations is the work by Ashok et al. [95] who
reported continuous enhancement of the wear resistance reduction of coefficient of
friction with exceptionally high contents of CNT (17 wt%). The dispersion of the
CNTs as observed from SEM images was good, and with increased CNT content,
there was formation of mesh-like network structure by the high aspect ratio CNTs.
This not only led to increased hardness but also reduction in the wear rate.

13.5.4.3 Blends and blend composites
Blending PP with polymers that have better wear resistances could be employed to
help improve its wear performance. These include blend and blend composites of
PP with: UHMWPE [90,96,97], Nylon [98101], rubber [102], polyethylene terephthalate [103,104].
In the case of UHMWPE, the viscosity is too high for normal extrusion processing and as such, blending it with easy-to-process polymer-like PP may enhance its
processability. On the other hand, UHMWPE improves the relatively inferior wear
resistance of the PP. Hashmi et al. [105] melt-processed PP/UHMWPE blends (2, 4,
10 and 15% UHMWPE content) and characterized their wear performance as a
function of the composition. The wear tests were done on a pin-on-disk tribometer,
where cylindrical test pins were tested against steel at an applied force per unit area
of 1.066.34 MPa and a dry slide velocity of 0.281.09 m/s. The wear rates
reduced with increase in UHMWPE content as shown in Fig. 13.6. A low quantity
of UHMWPE (15 wt%) was enough to reduce the wear rate to almost the same as
that of neat UHMWPE. This was attributed to two reasons: (1) separated phase
morphology of the blend due to component immiscibility and (2) reduction of
frictional heat by UHMWPE. The second phenomenon occurs when, at the start of
sliding, the PP phase deforms first and gets transferred to the counterface, in the
processes presumably exposing UHMWPE which is highly entangled and does
not flow easily. The exposed UHMWPE then reduced the frictional heat and
temperature, which leads to better wear resistance.
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Figure 13.6 Applied load per unit area dependence of wear rate of PP/UHMWPE blends.
PP, polypropylene; UHMWPE, ultrahigh molecularweight polyethylene.
Source: Reproduced from Hashmi SAR, et al. Sliding wear of PP/UHMWPE blends: effect
of blend composition. Wear 2001;247(1):914, with permission.

Therefore, by adding appropriate amount of UHMWPE to PP, the wear resistance
can be dramatically improved.
In other bids, complex blend composites comprising hierarchical nano/
microstructures have been explored in order to access the superior properties associated with each component with regard to tribology. Basavaraj and Siddaramaiah [91]
explored the sliding wear characteristics of 90/10 blends of polypropylene/UHMWPE,
filled with 30 wt% carbon short fibres for reinforcement and nanoclay (13 wt%) as
filler. The wear resistance and coefficient of friction increased with an increase in the
clay content. This trend persisted for all the loads and sliding velocities applied. This
was attributed to the tenacious transfer layer on the counterface.
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Conclusions

Some aspects of wear behavior and mechanisms in polyolefins reinforced with
micro/nanoparticles are not properly understood and therefore, call for more
research. The variability in the wear performances presented by these, even in similar groups of particles, e.g., nanoclays, illustrates the complexity and interplay of
several factors dictating the tribological outcomes. General trends may be made in
certain classes of composites. Nevertheless, each tribological system still has to be
characterized on its own in order to have a better understanding of wear
performance.
By far, UHMWPE is the most widely used polymer material in tribological
application. This is understandable, considering the good mechanical and wear
properties of UHMWPE. Its relatively low coefficient of friction, chemical inertness, extremely low wear rates, and good mechanical properties render it the material of choice biomedical applications.
Of the interventions reported on the modification of wear performances of polyolefins, cross-linking seems to be the most studied and practically applied, especially
in biomedical field. It is expected that research and development will continue in
this regard and expectedly more clinical trials done for parts made from wear-resistant polyolefins.
For fibrous and particulate material, especially nanoscale particles inclusions in
polyolefins, the biggest challenge still lies in their adequate dispersion in the polymer matrix. These particles have high surface energy making their dispersion in
polymer matrices quite difficult. As such, it is expected that more efforts will continue to be put in finding suitable ways of dispersing them, e.g., through surface
modification.
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14.1

Introduction

Polyolefins are a class of polymers (synthetic), prepared by the polymerization
of hydrocarbons whose molecules contain a pair of carboncarbon double
bond (C 5 C), i.e., (olefins) [1,2]. They are high molecular weight hydrocarbons.
The most important members of the polyolefins are the polyethylene and
polypropylene [36]. Their wide arrays of uses and the huge quantities consumed
had made these two overshadow the rest of the polyolefins. Other members include
polyketone, polymethylpentene, polystyrene, polyvinyl chloride, polypropylene
copolymer, and thermoplastic elastomer.
Polyolefins are lightweight, flexible, thermoplastic materials that have applications in many industries including textile, automobile, aerospace, etc. These polymers have been applied either as neat polymers, blends or composites, just to meet
the property requirement of the proposed application, including the thermal properties. Compared to many traditional materials like metals, wood, ceramics and glass,
performance of polymeric materials is highly sensitive to temperature changes.
Most polyolefins soften sufficiently when the temperature of the material is
increased about 100oC, thus, limiting their applications, especially in any loadbearing area. Hence, the need to look into ways of improving thermal and flame
retardant (FR) properties.
Improving the thermal properties of polyolefins might not necessarily mean
increase in the present thermal properties, such as increasing the melt temperature
(Tm) of a material from 120 to 130oC. Thermal requirements of any material are
essentially related to the intended application. Therefore any improvement must
be designed in that line. For example, flexibility of polymers increases with a
decrease in the glass temperature, Tg of the material. Therefore if an application
requires a more flexible material, the improvement expected will be a reduction in
the current Tg value. Also, polymer films used in packaging applications that
required heat sealing would be expected to have their melt temperature as low as
possible. Hence, improving the thermal properties of such material will involve
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lowering of the Tm. In a nutshell the intended application of a material determines the
needed improvement that is required. For polyolefin materials, most improvement
reported includes the reduction of processing temperature, thermal stability, thermal
degradation, crystallization and sealing temperature, or melt temperature [1,7,8].

14.2

Thermal properties of polyolefins

The thermal properties of polymers are very important and critical issue considered
during the processing and actual application. During processing, substantial quantity
of heat is transferred to the material to melt and attain the desired processing temperature. These processes have been described as being very slow and expensive.
Therefore the design of processing steps and equipment for polymer materials
requires good understanding of the thermal properties. Furthermore, during the
design and processing stages, material scientists take into account the different thermal property requirements with respect to the intended applications. Since the polyolefins will be subjected to varying temperature during their application life time, it
is necessary to design the material in line with the expected thermal changes during
application. These different thermal conditions do lead to changes in the morphological structure of the polyolefins such as change in the crystallinity and degradation. The thermal properties often considered include but not limited to, thermal
transition temperature, thermal conductivity, thermal stability, thermal expansion,
specific heat, etc.

14.2.1 Thermal transition temperatures
At low temperature, all polyolefins are hard, rigid, solids and this changes as the
temperature of the material is increased. Their molecules eventually gain sufficient
thermal energy that enable it chains to move freely so that it can behave like a viscous liquid [912]. Amorphous polymers will transit from solid to liquid at the
glass transition temperature (Tg), while crystalline polymers will transit from solid
to liquid at the melting temperature. However, there are no perfectly crystalline
polymers or fully amorphous polymers [13,14]. What is mostly obtained are semicrystalline polymers, in which the percentage crystallinity or amorphousity varies,
depending on the polymers structural design [1517]. Therefore most polymers
exhibit both Tg and Tm which corresponds to the amorphous and crystalline regions
respectively, especially polyolefins.
Both Tg and Tm are important parameters that serve to characterize a given polymer. The Tg sets an upper or lower temperature limits for the use of amorphous
polymers just as in poly(methyl methacrylate) and rubbery elastomers like styrene
butadiene rubber (SBR), respectively, while the Tm determines the upper limit for
application [2]. Between Tm and Tg semicrystalline polymers tend to behave like a
tough and leathery material. Therefore the Tg and Tm values of a polymer determine
the temperature range in which it can be employed.
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14.2.2 Thermal conductivity
Thermal conductivity of polymers describes the ability of polymer materials to
transmit heat energy from one part of higher heat gradient to another of lower heat
gradient [7,18,19]. The thermal conductivities of polymer materials are generally
low [approximately 0.0004 (cal-cm)/(oC-cm2 s)]. Although the low thermal conductivity has been an advantage in some areas of application, this property along
with the temperature resistance of plastics have to be considered for any use at high
temperatures, especially in the electrical industry where polymers are used as
insulators [20,21].

14.2.3 Thermal expansion
Most polyolefins have very high thermal expansion coefficients because they are
weakly bonded materials and needless input of thermal energy to expand. Their thermal expansion coefficient is about 90 3 1026/oC. However, this high thermal coefficient does not lead to thermal cracking because of their low elastic moduli and the
large strains that occurred do not induce high stresses. Thermal expansions affect
directly the dimensional stability of molded products [22]. Many of the molded polymers shrink due to thermal contraction when the temperature is decreased from the
processing temperature to room temperature [23]. This is due to poor thermal conductivities of the polymers since different parts are at different temperature during the
molding process. This leads to differential shrinkage during cooling which causes
wrapping, locked-up internal stress and weakening of the molded parts.

14.2.4 Thermal stability
The thermal stability and degradation define the temperature range or the maximum
temperature for which a polymer can be used in a given application. The thermal
stability involves the study of the change in properties of the polymer on aging at
various service temperatures. The end of a thermally stable stage marks the beginning of the thermal degradation of the polymer material [18,24,25].

14.3

Factors affecting the thermal properties
of polyolefins

It is the desire of most material scientist to develop polymer materials with good
thermal properties. If this desire is achieved, it will expand the plastic industry
through the partial replacement of nonpolymeric materials used in heat transfer systems including metals, ceramics, and glass. The factors responsible for the thermal
properties of polyolefins can be summarized under the following subheadings:
1. The processing conditions used during preparation
2. The morphology of the material
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3. The average molecular weight distribution
4. The nature of other additives or impurities present

All the four factors listed above may affect the thermal properties independently
or simultaneously. For example, the processing condition selected may determine
the type of morphology formed and the weight average of the molecular chain
[1,7,26]. If the processing conditions are not properly designed, it might lead to
poor morphology formation or thermal and mechanical decomposition. According
to Vergnes et al. [27] and Bounor-Legare and Cassagnau [28] the pristine polypropylene (PP) composite prepared using reactive solgel method was found to contain no crystalline phase after X-ray diffraction and Raman spectroscopy analysis.
This only emphasizes the effect of processing condition. Their investigation further
revealed that the properties of polyolefins may change along the processing line
due to chemical mixing and/or chemical interaction. Furthermore, because the polymer melt is generally non-Newtonian and the extrusion of melt polymers is highly
nonisothermal, the heat transfer, viscious dissipation, and chemical reaction need to
be considered properly.
The selection of appropriate processing condition for polyolefin materials is
very important so that the appropriate morphology can be development; many published works have shown that the type of morphology formed is greatly dependent
also on the processing method and the materials used [2932]. The percentage
crystallinity or the amount of amorphous phase that will be formed is governed not
only by the processing conditions but also by the type and nature of additives and
impurities present. Streller et al. [33] prepared isotactic poly(propylene) (iPP)
nanocomposites based on organophilic boehemites. The morphology formed by the
iPP nanocomposite varied with the amount of organophilic boehemite added. Also,
Vasile et al. [34] prepared nanocomposites of low density polyethylene and chitosan as matrix using melt blending and found that the incorporation of chitosan and
nanoparticles led to improvement in mechanical and thermal properties. It was
observed that as the amount of the sodium montmorillonite clay added was
increased, it led to appreciable increase in the percentage crystallinity of the
composites. Their reasons were that the nanoparticles were better distributed and
acted as nucleating sites, thereby increasing the amount of crystallinity. However,
it was observed that the melting temperature was lowered. Their explanation was
that the increased number of nucleating site led to simultaneous growth of the
nucleus formed, thereby limiting the extent to which each nucleus can grow.
Therefore modifying the thermal property of polyolefins requires manipulating
those factors properly, knowing fully well that any change in composition leads to
change in these requirements.
Polyolefins can be prepared and processed by a wide range of methods, leading
also to a wide range of variation in their properties including thermal properties.
Processing can affect the tacticity of polymer materials. This may lead to increase
in crystallinity or otherwise. According to Bounor-Leagare and Phillipe the processing of PP at 200205oC for 10 min using twin screw extrusion led to the absence
of crystallinity, even with the presence of the TiO nanoparticle.
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Many attempts have been made on polyolefins especially PE and PP (Liu and
Ddai, 2007) [35,3640]. Cheewawuttipong et al. [41] tried to improve the thermal
conductivity of PP by compounding with functionalized boron nitride (BN), which
is capable of extending the polymer chain. In other work, tried to increase the
degree of crystallinity in order to improve the heat capacity of the PP composites.
In all these publications the problems of poor thermal properties were attributed to
the presence of long polymer chains which are discontinued at the chain end and
entanglement [18,24].

14.4

Improving the thermal properties of polyolefins

Having considered the factors responsible for the thermal behaviors of polyolefins,
improving on such behaviors will have to do with altering those factors as mentioned. Since the first publication by Blumstein [42], researchers are still looking
into different ways by which these improvements can be achieved. Their efforts
thus far can be discussed under the following subheading.

14.4.1 Blending polyolefins with other polymers
Depending on the properties required by the end users, polyolefins can be blended
with a range of different other polymers. Blending of polymer is one easy way of
obtaining new tailored made material from existing polymers in order to achieve a
desired or targeted properties. During blending the polymer of interest is made the
majority (base matrix) in terms of percentage composition and researchers have
shown that a 60/40 or 70/30 wt.% composition gives desirable properties [4346].
In this case the polyolefins are the major polymer and can be blended with either
synthetic or natural polymer to bring about desired property. Depending on the thermodynamics of the blends and their composition, good miscibility may be obtained
[4749]. However, most times partial or immiscible blend separated at the interface
are obtained. Stelescu et al. [3] investigated the effect of blend composition on the
thermal, mechanical, and wettability of the blend using high density polyethylene
and ethylene-propylene diene terpolymer (EPDM). The results obtained showed
that the addition of EPDM did not affect the crystalline structure of high density
polyethylene (HDPE) even though, the mechanical properties showed appreciable
improvement. Also Vasile et al. [34] prepared blends of LDPE and chitosan with
the purpose of applying them as food packaging material. From the results obtained,
it was observed that the addition of chitosan into LDPE matrix even at very low
amount strongly influenced the thermal behavior of the blends. The improvement
observed showed dependence on the composition ratio of the polymers involved.
while Yordana and Minkova (2005) blended LDPE with polyamide 6 (PA6),
[50,51] used blended PP with the same PA6 in their different results it was
observed that there were good improvements on the percentage crystallinity, which
improved the thermal stability of the blends prepared. While most authors used
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polymers from other group to blend with the olefins, Gai and Zu [52] prepared olefinolefin blend using ethylenepropylene copolymer blended with ultrahigh
weigh. The prepared blends showed good miscibility between the two polymers at
the interface. This led to improved mechanical and thermal properties. Furthermore,
reports of blend of polyolefins with biodegradable polymers are very common now
[31,53].
In one of the investigations to enhance the properties of polymer blends including thermal properties, Lee and Jeong [54] blended PLA/PP. However, the
observed improvements were anchored on the presence of other addition such as
compatibilizers and nanoparticles. Therefore it was concluded that the blending of
polyolefins might not yield the necessary improvement if the right compatibilizers
are not used. Compatibilization is the addition of a compatibilizer which can react
with both polymers in the blend [48,55,56]. Compatibilization helps to improve
the miscibility between the two polymers involved for effective transfer of stress
and good heat conductivity (Hasegawa et al., 2998) [57,58,59,60]. Improving the
miscibility of the polymer is very necessary. Compatibilized blends show more
improvement in properties than uncompatibilized blend. Compatibilization also
leads to improved dispersity of the nanophase given rise to smaller sizes of
dispersed phase in morphology. For the desired improvement to be achieved,
compatibilized blend depends on the degree of compatibilization (Utraki, 2002).
The investigation by Yordanov and Minkova [61] showed that compatibilized
LDPE/PA6 blends led to reduction in size of PA6 particles and this led to
increased nucleation process and increased percentage crystallinity and by extension improved thermal properties. The investigation also showed that the type and
amount of compatibilizers used also played very important role in the final properties of the materials. Chiu et al. [55] compatibilized polyethylene/thermoplastic
starch blend using mPE-g-maleic anhydrite (MA) nanocompatibilizer. This led
to an increase in the crystallization temperature due to the ability of mPE-g-MA to
act as a nucleating agent in the blends. With the improvements observed in blends
with compatibilizers, some researchers still believe that blends with better and
reliable properties can still be prepared with compatibilizers. The blending of
PE with cellulose acetate butyrate a bio-base polymer was carried out by Besson
and Budtova [53] for packaging applications. The blends were observed to possess
the required thermal and mechanical properties. Therefore it will be more appropriate if the desired properties are known first before any modifications are
embarked upon.

14.4.2 Compounding with fibres
The use of fibre in improving the properties of neat and blended polyolefins has
come a long way. This is evident in the number of journal articles and reviewed
papers published annually on the subject matter [6265]. Fibre addition is one sure
way of improving both mechanical and thermal properties of polyolefins. Fibres
used for compounding polymers can be grouped into two, namely natural and synthetic fibres [66,67]. Synthetic fibres which include glass, fibres, etc. exhibit good
thermal and mechanical properties with a very good aspect ratio. However, because
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of the environmental issues around their uses, their applications have been limited
in recent times [6870]. On the other hand, natural fibres are biodegradable and
are from renewable sources. These fibres possess almost the same strength as synthetic ones and can be processed just like any other fibre. The use of natural fibres
for the reinforcement of polyolefins is of great interest because of the advantages
inherent in cellulosic reinforced polymers. These advantages include low density,
low abrasion of processing equipment, sustainability, less health risk and above all
relatively good specific mechanical properties. Also of noteworthy is the reduced
energy requirement during processing and the less of CO2 production [7176].
More fibres are thermally stable at temperature below 200oC. This is far higher
than the processing temperature of most polyolefins and it is one condition that
determines the applicability of a fibre as reinforcement. However, one problem has
limited the use of natural fibre for polymer composite preparation and that is the
poor interfacial interaction between the polymer matrix and the natural fibre.
Therefore there is the need for the surface treatment of the natural fibre to improve
the polymerfibre interaction. In an investigation, Li et al. [37] studied the effect
of surface treatment on the properties of the polymer composite using HDPE and
Sisal fibres. Two treatments types were used in the investigation; their results
showed that the treatment generally removed the impurities of the surface of the
fibres. It also reduced the hemicellulose lignin, wax, and other water soluble contents of the fibres; this was the reason for the improved thermal stability of the
fibres. Furthermore, the treatments given to the fibre led to improved rigidity of
the fibre surfaces, which led to increased heat capacity and dimensional stability
of the polymer composites. Liu and Dai [77] carried out surface modification of
jute fibres for use as reinforcement of PP composites using sodium hydroxide and
maleic anhydride-grafted polypropylene (MAPP). This was to enhance the performance of the composites and widen their application. The combination of the two
chemical methods was found to be very effective in increasing the interfacial interaction between the matrix and the fibre [78]. They observed remarkable improvement in the thermal properties of the composites with fibre given the double
treatment when compared to composite compounded with fibre given one type of
treatment only. They concluded that the combination of chemical methods on the
surface treatment of fibre for composites preparation is more effective and produce
better results. Coupling agents like silane and MAPP treatments improve interfacial
interaction of the overall composites. Hamour et al. [38] in their report argued that
addition of natural fibre to polymer composites lead to reduced thermal stability
and increased hydrothermal aging of the composites. It however do not affect its
thermal stability during processing. Furthermore, the addition of treated fibres led
to increase in the % crystallinity. The addition of fibre up to 60% has helped reduce
the problem of dimensional instability due to slight change in temperature [79].
In another investigation by Sinha and Rout [80], their results clearly showed that
the addition treated jute fibres led to improved thermal stability of the composites.
This they attributed to the resistance offered by the closely packed cellulose chain
in the presence of the polymer matrix. Several other published works attest to this
fact [65,74,8183]. However, the selection of fibre and the processing condition
must be carefully done to give the desired results.
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14.4.3 Compounding with nanoparticles
Several papers have reported the use of nanoparticles for compounding polymer
matrix to improve specific and targeted properties, among which are the thermal properties [35,8486]. Nanoparticles are inorganic matters that have a very high surface
to volume ratio with one of their dimension in the 1 nm range. Many substances
have been used as nanoparticles to compound polyolefins. These include calcium
oxide, zinc oxide, aluminum oxide, silicon(iv)oxide, carbon nanotube (CNT) clay,
boehmite, etc. [8,49,87]. According to Kaur et al. [88], nanocomposite polymers have
been extensively researched due to the seminal presentations of Toyota Central
Research and Development Lab between late 1980s and early 1990s concerning nanoclay composites [19]. Furthermore, it was reported that the rigidity of the particles
and the manipulation of the macromolecule architecture of the polymers through
enthalpic and entropic confinement led to the drastic increases in the mechanical
properties at low nanoparticle loading [8991]. These particles were able to improve
the thermal stability of the matrix because of their superior heat conductivity properties which enable them to absorb more heat energy with less damage to the polymer
matrix. However, when these nanoparticles are used in the pristine form, they affect
the mechanical properties negatively because they form a discontinuity along the
interface, leading to poor stress transfer between the matrix and the nanoparticles,
thereby giving no value to the material. To solve this problem, researchers decided to
modify the nanoparticles organically so that some form of chemical interaction will
take place forming stronger bond between the nanoparticle and the polymer matrix.
Streller et al. [33] compounded isotactic polypropylene with boehmite nanofiller
to investigate the effect of the nanoparticles on the morphology, crystallization
behavior, and mechanical properties. The results of their investigation showed that
the presence of the nanoparticles led to the increase in crystallization temperature
and decrease in crystalline melting temperature while the crystallinity merely
increased by 1% maximally. These were attributed to the inability of the boehmite
to participate in the crystallinity process. The report by showed that some nanoparticles are more effective than other. The formation of agglomerates by the particles
may also diminish their efficiency. One nanoparticle that has been reported to be
very effective in improving both mechanical and thermal properties of polyolefins
is clay nanoparticle.
Blumstein [42] reported an improved thermal stability of polymer composites
using nanoclay. Since then, there have been severe reports on polymerclay nanocomposites [19,9294] (Ogunnaran 2012a,b). The incorporation of clay nanoparticles into polymer matrix generally enhances the thermal stability of the material
when compared to the neat polymer. This improvement has been attributed to:
1.
2.
3.
4.

High surface to volume ratio of the nanoparticles
Very low permeability
Decrease in the rate of the volatile products formed and
Formation of high-performance carbonaceous silicate chars on the clay surface that insulates the bulk material and slowed down the escape of volatile products generated during
high temperature heating and the subsequence absorption of the gas formed into the clay
platelets [19,95].
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The mechanism of the improvement of thermal properties in polymer nanocomposites is not fully understood yet. It is usually well accepted that the improved
thermal stability for polymerclay nanocomposites is mainly due to the formation
of char which hinders the out diffusion of the volatile decomposition products, as a
direct result of the decrease in permeability, usually observed in exfoliated nanocomposites [18,9699]. Despite this the exact degradation mechanism is currently
not clear. For clay nanoparticles, such behavior is probably associated with the morphological changes in relative proportion of exfoliated and intercalated species with
the clay loading. At low clay loading (1 wt.%), exfoliation dominates but the
amount of exfoliated nanoclay is not enough to enhance the thermal stability
through char formation [98]. When increasing the clay concentration (24 wt.%),
much more exfoliated clay is formed, char forms more easily and effectively and
consequently promotes the thermal stability of the nanocomposites. At even higher
clay loading level (up to 10 wt.%) the intercalated structure is the dominant population and, even if char is formed in high quantity, the morphology of the nanocomposite probably does not allow for maintaining a good thermal stability. However,
it is known that the chemical nature of the polymers, the type of clays and their
modification route play an important role in their degradation behavior. Therefore
care should be taken when attempting to generalize conclusions.
Studies on the thermal decomposition behavior of PP and compatibilizers modified PP/clay nanocomposites found out that the onset degradation temperatures of
the nanocomposites vary from 205oC for MA modified PP (with MA content of
4 wt.% modified composite) to 375oC for PP/clay nanocomposites [92,100,101].
The improvement in thermal stability for PP nanocomposites was associated to the
interactions between organic and inorganic phases. It was also concluded that individual layers of exfoliated clay platelets acted as insulator and the formation of tortuous path between layers also inhibited the passage of volatile degradation
products, hence enhancing the thermal stability of clay-containing composites. Zhu
et al. [102] study on PP/clay nanocomposites showed that the structural iron in the
dispersed clay also acted as a trap for radicals and hence improved thermal stability.
The changes in activation energy of pure LLDPE and LLDPE/MMT (linear low
density polyethylene/montmorillonite) nanocomposites obtained from isoconversional kinetic analysis revealed some clues on the mechanism of thermal stability
improvement [92]. The activation energy of the LLDPE nanocomposite gradually
increased from 60 to 150 kJ/mol during the first degradation stage (α , 0.6), which
indicated that the process kinetic is limited by peroxide radical decomposition.
The thermal stability of nanocomposites had been extensively studied by
researchers in recent past [17,8992,94,103]. To achieve the expected improvement, clay nanoparticles were organically modified. This modified clays have low
energy requirement for interaction with polyolefin matrices which makes it thermodynamically favorable. The presence of a small amount of maleic anhydride have
been found to improve tremendously, some selected thermal properties of polyolefin composites made of nanoclay. Sharma et al. [15], Hwang et al. [17], Malucelli
et al. [94], and Song et al. [16] have all confirmed such improvement with their
research reports.
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Furthermore, Costache et al. [104] used high thermally stable surfactants such as
hexadcytqunolinium and vinylbenylammonium chloridelauryl acrylate copolymer to modify MMT hectorite and magadite clay samples and used them to compound polyolefin. The authors observed that there were no appreciable
improvements with the addition of the modified nanoclay although the nanocomposites exhibited better stability. They concluded that the processing temperature and
processing time greatly affected the final properties of the material. Also other parameters during preparation will have their own effect on the materials too as reported
by other authors [105108]. In all, to achieve good improvement in the thermal stability, it is important not to rely only on the addition of nanoparticle, but also the
type of compatibilizer used, the type of surfactant used in modifying the nanoclay
or nanoparticles and the processing conditions used are all very important.

14.5

Effect of nanoparticles loading on the thermal
properties of polyolefins

The addition of nanoparticles to polyolefins can initiate different behaviors on the
polymer. These behaviors are determined by the conditions mentioned in
Section 14.4.3. These effects are manifested indifferent forms, depending on the
property referred to at the point in time. This section attempts to look at the effects
of nanoparticle loading of polyolefins on specific thermal properties.

14.5.1 Melt and crystallization temperature
The melt and crystallization temperature are reflection of the type and size of crystal formed during crystallization process of the material. In fact, crystallization is
the opposite of melting. Crystallization is a spontaneous process below equilibrium
melting point (TmN) while melting is also a spontaneous process above the TmN.
Therefore at TmN, a condition of equilibrium exists between crystal and liquid
polymers because both phase have the same value of Gibbs free energy (i.e.,
ΔG 5 0) [13]. For a semicrystalline polymer composites containing nanoclay the
particles can substantially affect the crystallization behavior of the matrix. Two
major behaviors are possible depending on the extent of polymerclay interfacial
interactions. These behaviors are (1) the development of new crystal structures and
(2) crystal nucleation. Since crystallization usually occur at a temperature lower
than that of melting, the formation of stable crystals becomes very difficult.
The process of nucleation, which is the onset of a crystal formation from liquid,
can be greatly influenced by the presence of nanoclays. This interference by the
nanoparticles or other particles present is referred to as heterogeneous nucleation.
For the nanoparticles to participate well, they must be well dispersed inside the
polymer matrix, with good wetting by polymer which will eventually lead to greater
interfacial interaction between the polymer and the particles. In this perspective the
use of polyolefins, modified with polar compers, as matrix for nanocomposite or a
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compatibilizing agent has been proposed by researchers in order to improve dispersion and achieve stabilizing effect of organoclay in the polyolefins. The addition of
modified nanoparticle to isotactic poly(propylene) by Streller et al. [33] raised the
crystallization temperature by an average of 12117oC to a maximum of 131oC.
The improvement was dependent on the new thermal stability of the composite
used when compared to the neat iPP. The presence of the nanoparticles helped stabilize the nuclei of crystals formed thermally and led to their growth even at higher
temperature.

14.5.2 Thermal conductivity
Ordinarily, polymers are poor thermal conducting materials. Their thermal conductivities are very low because of the inability to transfer the heat energy from one
end to another. The behavior has been attributed to factors like discontinuity in the
polymer chain and lack of strong chemical interaction between the polymer chains.
The addition of nanoparticle such as CNT, carbon nanoparticles, and BN has been
reported to improve on the thermal conductivity of polymer in general [109111].
However, very few published papers have deliberately investigated the thermal conductivity of polyolefins and how to improve on it. One of such work is that by
Cheewawuttipong et al. [41]. They carried out an investigation to study the factors
that can effectively improve the thermal conductivity properties of PP. In their
investigation, two types of BN were used to compound two types of PP with different viscosities. According to literatures, BN is a good lubricant and abrasive with a
high thermal conductivity and high electrical resistance that is why it has been
widely used in the thermal management industry for many years [112,113]. The
results of the investigation revealed that the thermal conductivity of polyolefin was
greatly enhanced by the addition of nanoparticles. The thermal conductivity
increased with increasing amount of nanoparticles added. Furthermore, the sizes of
the nanoparticles are an influencing factor; larger particle sizes led to improvement
in the thermal conductivity. However, this improvement may affect some other
properties adversely, such as the ductility of the polymers. Although, polymers with
good thermal conductivity are mostly required for insulation in the electrical industry; therefore the adversely affected properties may not be considered too necessary.
Other nanoparticles in the same category as BN are alumina (Al2O3), aluminum
nitride (AlN), mica, glass fibre, and zinc oxide (Zn2O3) [109113]. They are generally referred to as ceramic fillers. The improvement on thermal conductivity of the
polyolefins was considered not to be affected by the viscosity of the polymer
involved.

14.5.3 Heat distortion temperature
The generally low temperature resistance by the polyolefins has limited the wider
application that would have being envisaged. However, the addition of nanoparticle,
either natural or synthetic, has led to great improvements in this direction. For
instance, the addition of up to 30% glass fibre, increased the heat distortion
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temperature (HDT) of PP from 82152oC, that is about 85% improvement of the
HDT. Most synthetic fibre particles have good specific heat capacity, this property
is what was utilized by researchers to improve the HDT of composite materials.
The HDT of polymer materials is the measure of their ability to withstand stress
from a given load at elevated temperature. This behavior is sometimes referred to
as reflection temperature. The HDT results are very useful and relates to the service
temperature of the polymer being tested. However, this could be misleading if other
factors such as the time of exposure to the elevated temperature, the rate of temperature change and the part geometry are not considered.
Betega de Paiva et al. [114] reported in their work that the addition of montmorillonite, MMT nanoparticles lead to increase in the HDT of PP composites and that
the increase observed is dependent on the amount addition. As the amount of MMT
added increases, the HDT was also increased. However, at 10% addition of MMT,
there was deterioration in the mechanical and thermal stability properties of the PP
composites. Almeida et al. [115], Pal et al. [116], and Toyonaga et al. [117] had all
reported good improvement with the use of organically modified nanoparticles.
However, caution must be observed in lieu of the adverse effect on other important
properties. Total-cray-valley, a manufacturing company, recently announced the
development a new product of Zinc salt with the trade name Dymalink 9201 [118].
This product has demonstrated the ability to synergistically improve the HDT of PP
by 15% with just 2 wt.% addition of the product to neat PP and 8% increase was
observed in the presence of glass fillers. The addition of the Zinc salt was observed
to have improved some of the other useful properties and indifferent to the rest
leaving no adverse effect. Therefore it can be envisaged that the combination of
natural fibres in the presence of nanoparticle will greatly improve the HDT of polytechnic of other conditions are carefully selected.

14.5.4 Thermal stability
The thermal stability and degradation process are the most important thermal properties of polymeric materials. This is because they determine to a large extent the field
of application of the polymers. In a review titled “effect of nanoparticle on the
thermal stability polymer,” discussed by Leszczynska et al. (2007), they assumed that
the mechanism through which the thermal stability of polymer nanocomposites is
improved, is not completely understood. However, it is well accepted that for
polymerclay nanocomposites the improvement may be mainly due to the formation
of char which hinders the out diffusion of the volatile products formed. This is as a
result of the decrease in permeability usually observed in exfoliated nanocomposites.
This has been discussed earlier. Even though, Leszccznska et al. (2007) work was
majorly on MMT nanocomposites, there are some factor mentioned which are general
to all nanocomposites. They listed three major parameters that can influence the
thermal stability of polymerclay nanocomposites. These include:
1. The type of organic surfactant used in modifying the clay. To achieve good exfoliation,
clay is usually modified with organic surfactant which helps to make the gallery space
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significantly hydrophobic so as to permit good interaction with the polymer. This modification is also applicable to other nanoparticle because they are inorganic in nature and
hydrophilic. Commons surfactant used are ammonium compounds, imidazolium compounds, phosphonium compounds, stibonium compounds, polyhedral oligometric silsequiozane (POSS), etc. Xie et al., ($year$) [119121].
2. The condition of nanocomposites preparation and the obtained morphology. In this
case the method and conditions used in the preparation of the nanocomposites will
determine the extent of dispersion, degree of crystallinity obtained and by extension,
the thermal stability of the materials [122124]. The higher the degree of exfoliation
achieved, the better the enhancement of the thermal resistance could be. The degree of
exfoliation and thermal stability has been reported to be dependent on the amount of clay
used [120,125,126]. At lower clay content of about 12 wt.%, homogenous exfoliation
and random dispersion was greatly achieved. An increase to the clay content lead to
obtaining mixture of exfoliation and intercalation in the observed morphology.
3. The interfacial interactions and catalytic effects of clay during the polymer degradation.
The interaction between the polymer and the surface of the clay nanoparticle is the most
important factor influencing the thermal stability of the polymer nanocomposites as
reported in many studies [18,24]. Therefore the type of clay used strongly influence the
thermal stability. The different metal components of the clay type used were observed to
react with the polymer radicals formed, thereby trapping them and so, thermally stabilizing the polymer nanocomposites. This mechanism is what polymers use during flame
retardation [18]. Some metal cations present in the clay are able to act as catalyst during
the processing of the composites and thereby improving the thermal stability.

In summary the type of nanoparticle used, its surface area, chemical composition, organic modification, quantity, and the preparation conditions are all the factors that must be considered when planning the type and desired magnitude of
thermal stability to achieve.

14.5.5 Thermal degradation and decomposition
As stated in Section 14.5.4, this is one of the important thermal properly that determines the end-use application. Thermal degradation starts from the processing stage
through to the end of the useful life of the polymer. For polyolefins the improvement rate of thermal degradation during processing is same as improving the thermal stability. All factors stated above in Section 14.5.4 are the same factors that are
necessary to improve on the thermal properties and thereby reduce thermal degradation. However, in the case of thermal degradation, the chemical compositions of the
environment and the temperature at any particular time are very important factors
that must be considered to understand the effect of degradation.
In a study by Lomakin et al. [123], where the thermo-oxidative degradation of
PP nanocomposites was investigated using the kinetics of degradation, the PP nanocomposites had superior thermal behavior compared with neat PP [63,77]. The
observed thermal stability was as a result of the nanoparticle structure formed
within the polymer matrix [3,34,86]. Therefore thermal stability and degradation
are the properties that are considered simultaneously. Addition of fibres is the most
often used method to prevent thermal degradation.
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Flame resistance properties of polyolefins

Worldwide, polyolefins have been generally used in various modern industries due
to their performance and properties such as mechanical, chemical resistance, electrical insulation, and lightweight properties. Irrespective of these good qualities, their
major drawback is that are highly flammable as a result of the source being hydrocarbons. One of the most destructive disasters known to the human race is fire.
Whenever it starts, it is very difficult and sometimes impossible to control, which
can result to damages to properties and even ultimately, loss of life [127].
Excessive heats if not well controlled or handle can result in fire to any magnitude.
Polyolefin materials are massively in used for various applications, these materials
have the tendency of been ignited within a flammable high heated environment
[128]. Hence, there is a need to improve the FR properties of polyolefins, making it
to perform better even at extreme or elevated temperatures. The potentialities of
using these materials in high temperature environment have necessitated the studying of their FR properties and possible ways of improvement.
Introducing FR composing mainly organic and inorganic FR reduces the general
properties of the polyolefins because FRs have poor compatibility with the base
matrix, toxicity, poor water resistance, poor thermal degradation, etc. Wang et al.,
($year$) [129]. In trying to resolve these problems the following methods reported
by Wang et al. [129] can be used:
1. Ultrafine processing
2. Surface modifications
3. Microencapsulation

14.7

Factors affecting the flame resistance properties
of polyolefins

The FR properties of a polymer determine the kind of application that can be used
for, most especially if it will be used in high temperature environment. Scientist
and engineers desire polymer materials that can be used in application like jet combustion chamber, automotive exhaust, furnaces, etc. The achievement of this will
further reduce weight, lead to fuel economy and reduce the environmental impact
caused by CO2 release into the atmosphere as a resulting burning fuel. The factors
affecting flame retardancy of polyolefins are the same as mentioned in
Section 14.3. Flame resistance ability of polymers can be affected by either a singular or combination of these factors.
The processing condition contributes a lot to the outcome of the material.
Take for instance, the process temperature; it can break down the long linking
chains, reduce crystallinity and ultimately cause poor morphology formation.
Furthermore, the mechanical and thermal properties of the polyolefin will be
adversely affected.
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Improving the flame resistance properties
of polyolefins

The FR properties of polyolefins can be improved in various ways as it will be
explained explicitly in this section. There are several accounts in the literature on
how to improve FR property [130133]. The major methods are blends, incorporation of nanoparticles and fillers, additives, coating, and fibre reinforcement. This
improvement will further increase the applications of the polyolefin materials, most
especially if the initial properties of the material are not negatively affected. The
use of the method(s) that will contribute positively to both the flame resistance and
other important properties of the materials will be the best option. If this is not
obtainable, then the key properties and the type of applications are considered
before settling a certain method of improvement.

14.8.1 Polyolefins blends
The homogenous blending of various polyolefins has its own way of improving
flame retardancy. Polyolefins, as explained earlier, are mainly polypropylene and
polyethylene, however, certain polyolefins have better flame resistance properties
than others but are lagging in other key important properties such as mechanical,
chemical resistance, electrical insulation, etc.; for this reason, the materials are
blended together. In trying to blend two or more materials together, the compatibility, crosslinking, morphology, and interfacial adhesion of these materials must be
greatly considered. Polymer blends can either be miscible or immiscible. The miscible polymer blends are known to be stable and homogeneous, of which they are
very few of them. The most common blends of polymers are the immiscible and
their properties are dependent on the phase morphologies. The phase morphology is
subject to the processing conditions, viscosity of the polymers, and the interfacial
tension between them [134].
The best method for immiscible blends is the melt blending. With this the undesired properties can be eliminated while focusing on the desired properties.
Polymer blends are usually targeted for a desired application, in this case, for flame
resistance applications. From the literature, efforts to improve on the immiscibility
of these polymers which are mainly of polyolefin-based blends have called for the
incorporation of the third party polymer (having compatibilizing tendency) and the
ability to improve interfacial adhesion between the blends by creating good linkage
between the polymers. Selecting the right compatibilizer or coupling agent is very
crucial, because the level of interfacial interaction of these polyolefins depends
totally on that. Kusmono et al. [135] reported the influence of incorporating
maleated PP into immiscible polypropylene and polyamide 6, the end result was
improved impact resistance and decrease in water absorption. Whenever the toughness of a material is enhanced, there is tendency for the flame resistance to be
enhanced too.
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14.8.2 Fillers and nanoparticles
Nanoparticles and fillers have been reported to contribute to the improvement of
nanocomposites, in which FR is one of them. As explained Section 14.4.3, many
nanoparticles have been compounded with polyolefins. Most polyolefins have low
processing temperature, therefore cannot perform to the required standard in certain
conditions. One of the solution to this is to introduce nanoparticles.
Dittrich et al. [136] compounded thermally reduced graphite oxide (TRGO),
ammonium polyphosphate (APP), and PP. They reported that #1 wt.% of TRGO
gave high oxygen indices, .31 vol.%, and magnesium hydroxide residual structure
was equally strengthened. Arao [137] explained that the addition of CNTs will not
only increase mechanical properties but other properties such as thermal, electrical,
and flammability properties of the composites. He added that nanofillers alone cannot give excellent flame retardancy (selfextinguishing property) but should be combined with other fire retardants.
Lee [138] used exfoliated and intercalated methods to incorporating nanoclay
into wood floor/polyolefin nanocomposite. The exfoliated method was observed to
give a better result of 27% decrease in the burning rate over the nanoclay-free composites for 5 wt.% clay content. Furthermore, it was suggested that proper dispersion of nanoclay (exfoliation) will enhance the flame resistance properties of wood
floor polymer nanocomposites. Similar suggestion was made by Lee et al. [139].
The effect of Cloisite20A (20A) and Cloisite30B (30B) with sisal fibre PP composite was studied by Chanprapanon et al. [140]; they reported that both clay type
showed improvement in the burning rate by reducing the burning rate by 15.5 and
37.5%, respectively. 30B-based fibre/PP composites were obviously having better
flame resistance than the 20A-based fibre/PP composites.
In a separate research by Lai et al. [133], it was explained that phosphate charring agent (PEPA) showed remarkable synergistic effect with melamine pyrophosphate (MPP) in FR PP. The limiting oxygen index value for the FR polypropylene
of 33% was obtained when the PEPA content was 13.3 wt.% and MPP was
6.7 wt.%. The vertical burning test (UL-94) was classed as a V-0 rating. The peak
heat release rate, average mass loss rate, and average heat release rate of the composite were exceptionally decreased [133].

14.8.3 Additives
Additives in polyolefins are a way of minimizing the potentials to initiate fire or
propagate it. They have found useful applications in polymer to prolong ignition
time, initiate selfextinguishing, minimize heat during burning of polymers and deter
dripping during combustion [141]. The increasing demand for materials that can
work under stringent conditions have called for materials with enhanced flame
resistance properties. The achievements have contributed to the expansion experienced in the automobile, aviation, and domestic appliances industries. To enhance
the FR properties of polyolefins, additives such as brominated, phosphorus, magnesium, nitrogen, and halogenated FR additives can be added.
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Halogen-free FRs (intumescent) have been widely used, due to low smoke production, absence of harmful gases and low toxicity [142]. In a case of fire the additive forms an expanded char foam layer on the surface of the polymer and limit the
rate of heat transfer to the polymer from the source [143]. The major components
of intumescent FR are char-forming agent, blowing agent, and acid source [142].
Flame resistance polyolefins require additives emanating from either/or the combination of the three principal families of materials as listed below [128]:
1. Combustion-suppressing halogenated organic compounds;
2. Inorganic, mineral-based compounds;
3. Intumescent, typically phosphorous-based, char-forming compounds.

According to Bocz et al. [143], reducing the particle size of APP additive in
polypropylene composites improved the FR properties, and 10% increase in tensile
strength was also reported. The improvement observed was due to the proper particle distribution in the PP composite.

14.8.4 Coating
Surface modification is another importance method of protecting and strengthening
materials. Instead of modifying the whole polyolefin which is expensive, the surface can just be coated with FR coating. Arao [137] explained that coating with
nanofiller is more efficient in reducing the flammability than polymers containing
nanofillers. There are basically two FR coatings systems namely intumescent and
nonintumescent. The intumescent coatings are mostly used to coat the surfaces of
steel and wood, protecting them against fire. While the nonintumescent are usually
used with polymers. Example of such include phosphorus-based, halogen-based,
and inorganic-additive incorporated. Weil [144] and Liang et al. [145] gave comprehensive reviews on intumescent and nonintumescent systems.

14.8.5 Fibre reinforcement
The addition of fibre has been reported to improve the properties of polyolefins;
generally, this has been reported in several literatures [146149]. The fibre could
be either synthetic or natural fibre. The environmental concern has necessitated the
use of natural fibres over the synthetic fibres but in terms of strength, the synthetic
fibre performs better [150]. Other advantages of natural fibres over synthetic fibres
include low cost, renewability, low weight, availability, and biodegradability.
Several researchers have combined fibres with polyolefins [37,151]. The problem
of incorporating fibre into polymers is the poor interfacial adhesion and wettability
between the fibre and the polymer. This problem can be resolved by surface treating the fibre and the use of compatibilizers. As explained earlier, most fibres are
thermally stable than most polyolefins at a processing temperature up to 200 oC, as
most fibre start to degrade after this temperature. Owing to this fact, incorporation
of fibre into polyolefins has the tendency to improve the flame resistance properties. Gupta et al. [152] reported the burning rate of the composite containing 30 wt.
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% treated sisal fibre showed improvement. They also concluded that the combination of treated fibre with compatibilizer resulted in 16 and 7.42% decreased in burning over neat polypropylene and treated sisal fibre polypropylene composites,
respectively.
According to Vaddi [153] the addition of glass fibre as reinforcement in PP and
PE increased the burning duration and the flame dripping was greatly reduced leading to the formation of more char formation. It was further explained that the
observed result was due to lower resin content in the composite. The inclusion of
nanoclay eliminated the dripping of flame completely leading to enhanced flame
resistant polyolefins.

14.9

Future trends

The thermal and FR properties of neat polyolefins are considered to be low and
considering the volume of research publication on polyolefins, the need to focus more
on improving the thermal and FR properties of the polymers has become very necessary. The research output on thermal and FR properties of polyolefin blends and
nanocomposites is still very few too. Most of the works done are on the morphology
and crystallinity properties. The effect of change in the morphology, the crystallinity or
increase in melt or crystallization temperature has not being link to the thermal and FR
properties like heat capacities and/or heat conductivity. Also as pointed out, the scientific reasons for the improved thermal stability of polyolefin nanocomposites by nanoparticles have not being fully X-rayed. Therefore more research studies are needed in
all these areas to better understand the thermal and FR properties of polyolefin. After
which proper improvement methods can then be prescribed or designed.

14.10

Conclusion

Improving the thermal and FR properties of polyolefins is an important issue
because of the volume of the polymer consumed on annual bases. An improvement
in the thermal and FR properties will pave the way for wider applications of the
polyolefins in areas such as aerospace, automobile, electrical and electronics, etc.
The thermal stability, thermal degradation, thermal conductivity, HDT, thermal
expansion, melting, and crystallization are some of the very important thermal properties that are often considered for improvement. The thermal and FR properties are
said to be affected by the processing conditions used during preparation, the nature
of the morphology developed, the average molecular weight and all other additives
and/or impurities present. To improve on the thermal and FR properties, several
methods, physical and chemical, were adopted. These include blending of the polyolefins with other polyolefins or other polymers, either synthetic or natural. This
method created the problem of miscibility and/or compatibility which was solved
by the use of suitable compatibilizer in the appropriate amount. However, the
improvements observed with blending method were insignificant. The compounding
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of the polyolefins with fibres, synthetic, or natural was another method used. The
results from this method gave more reliable improvement on the thermal properties.
To improve the results obtained the fibres were subjected to surface treatment to
remove the water soluble impurities and improve the dimensional stability of the
natural fibres. However, the combination of the surface treatment process with
coupling agent led to significant improvement in the thermal properties due to
the improvement in the interfacial interaction between the polyolefins matrix and
the fibre surface. Finally, the addition of nanoparticle to the neat or blended
polyolefins was another method used to try and enhance the thermal and FR properties of polyolefins. This was the most preferred method of the three discussed.
However, the particles are hydrophilic in nature and so, just like the fibre, the nanoparticles were subjected to surface treatment using organic surfactants. This was to
modify the nanoparticles chemically, so that some form of interaction could take
place at the interfacial boundary between the matrix and the nanoparticles.
The combinations of fibres and nanoparticles to form ternary composites have been
reported to improve the thermal and FR properties greatly. To achieve optimal thermal improvement possible the following factors must be taken into consideration:
the type of nanoparticle used, its surface area, chemical composition, the type of
organic modification given to the particles, the amount or quantity of the pristine
or modified nanoparticles required, the fibre treatment and coupling agent and the
preparation conditions.

References
[1] Sperling LH. 13. Multicomponent polymeric materials. Introduction to polymer science.
New Jerssey: John Wiley & Son Inc; 2006. p. 687756.
[2] Koo JH. 7. Polymer nanostructured material for high-temperature applications. Polymer
nanocomposites: processing, characterization and application. New York: MaGraw-Hill
Companies; 2006. p. 125234.
[3] Stelescu DM, Timpu D, Airinei A, Homocianu M, Fifere N, Timpu D, et al. Strctural
characteristics of some high density polyethylene/EPDM blends. Polym Test
2013;32:18796.
[4] Anderson KS, Lim SH, Hillmyer MR. Toughening of polylactide by melt blending with
linear low-density polyethylene. J Appl Polym Sci 2002;89:375768.
[5] Ibrahim ID, Jamiru T, Sadiku ER, Kupolati WK, Agwuncha SC, Ekundayo G. The use
of polypropylene in bamboo fibre composites and their mechanical properties—a review.
J Reinforced Plast Compos 2015;34(16):134756.
[6] Nam PH, Maiti P, Okamoto M, Kotaka T, Hasegawa N, Usuki A. A hierarchical structure and properties of intercalated polypropylene/clay nanocomposites. Polymer
2001;42:963340.
[7] Zanetti M. 10-Flammability and thermal stability of polymer/layered silicate nanocomposites. In: Mai YW, Yu ZZ, editors. Polymer nanocomposites. Cambridge: Woodhead
Publishing Limited; 2006.
[8] Fornes TD, Yoon PJ, Hunter DL, Keskkula H, Paul DR. Effect of organoclay structure
on Nylon 6 nanocomposite morphology and properties. Polymer 2002;43:591533.

440

Polyolefin Fibres

[9] Chrissafis K, Bikiaris D. Can nanoparticles really enhance thermal stability of polymers? Part I. An overview on thermal decomposition of addition polymers.
Thermochim Acta 2011;523:124.
[10] Ehrenstein GW, Riedel G, Trawiel P. Thermal analysis of plastics-theory and practice.
Munich: Hanser; 2004.
[11] Nejad SJ, Ahmadi SJ, Abolghasemi H, Mohaddespour A. Thermal stability, mechanical
properties and solvent resistance of PP/clay nanocomposites prepared by melt blending.
J Appl Sci 2007;7:24804.
[12] Ramos Filho FG, Malo TJA, Rabello MS, Silva SML. Thermal stability of nanocomposites based on polypropylene and bentonite. Polym Degrad Stab 2005;89:38392.
[13] Ray SS. 9. Crystallization behavior, morphology and kinetics. Clay-containing polymer
nanocomposites: from fundamentals to real applications. Amsterdam: Elsevier B.V;
2013. p. 273303.
[14] Mohan TP, Kumar MR, Velmurugan R. Thermal, mechanical and vibration characteristics of epoxy claynanocomposites. J Mater Sci 2006;41:591525.
[15] Sharma SK, Nema AK, Nayak SK. Polypropylene nanocomposite film: a critical evaluation on the effect of nanoclay on the mechanical, thermal, and morphological behavior.
J Appl Polym Sci 2010;115:346373.
[16] Song R, Wang Z, Meng X, Zhang B, Tang T. Influences of catalysis and dispersion of
organically modified montmorillonite on flame retardancy of polypropylene nanocomposites. J Appl Polym Sci 2007;106:348894.
[17] Hwang SS, Hsu PP, Yeh JM, Yang JP, Chang KC, Lai YZ. Effect of clay and compatibilizer on the mechanical/thermal properties of microcellular injection molded low density polyethylene nanocomposites. Int Commun Heat Mass Transfer 2009;36:4719.
[18] Leszczynska A, Njuguna J, Pielichowski K, Banerjee JR. Polymer/montmorillonite
nanocomposites with improved thermal properties Part I. factor influencing thermal
stability and mechanisms of thermal stability improvement. Thermochim Acta 2007;
453:7596.
[19] Ray SS. 7. Thermal stability. Clay-containing polymer nanocomposites: from fundamentals to real applications. Amsterdam: Elsevier B.V; 2013. p. 24361.
[20] Zhou W, Qi S, An Q, Zhao H, Liu N. Thermal conductivity of boron nitride reinforced
polyethylene composites. Mater Res Bull 2007;42(10):186373.
[21] Kemaloglu S, Ozkoc G, Aytac A. Properties of thermally conductive micro and nano size
boron nitride reinforced silicon rubber composites. Thermochim Acta 2010;499(1-2):407.
[22] Liao CZ, Tjong SC. Effect of carbon nanofibers on the fracture, mechanical, and thermal properties of PP/SEBS-g-MA blends. Polym Eng Sci 2011;51(5):94858.
[23] Golebiewski J, Galeski A. Thermal stability of nanoclay polypropylene composites by
simultaneous DSC and TGA. Compos Sci Technol 2007;67:34427.
[24] Leszczynska A, Njuguna J, Pielichowski K, Banerjee JR. Polymer/montmorillonite nanocomposites with improved thermal properties. Part II. Thermal stability of montmorillonite
nanocomposites based on different polymeric matrixes. Thermochim Acta 2007;454:122.
[25] Bogoeva-Gaceva G, Raka L, Dimzoski B. Thermal stability of polypylene/organo-clay
nanocomposites produced in a single-step mixing procesute. Adv Comp Lett
2008;17:1614.
[26] Choudhury T, Misra NM. Thermal stability of PMMA-clay hybrids. Bull Mater Sci
2010;33:1658.
[27] Vergnes B, Della Valle G, Delamare L. A global computer software for polymer flows
in corotating twin screw extruders. Polym Eng Sci 1998;38:1781929.
[28] Bounor-Legare V, Cassagnau P. In situ synthesis of organic-inorganic hybrids or nanocomposites from sol-gel chemistry in molten polymers. Prog Polym Sci 2014;39:147397.

Improving the thermal and flame resistance properties of polyolefins

441

[29] Thiebaud F, Gelin JC. Characterization of rheological behaviors of polypropylene/carbon nanotubes composites and modeling their flow in a twin-screw mixer. Compos Sci
Technol 2010;70:64756.
[30] Zhang D-W, Xiao H-M, Fu S-Y. Preparation and characterization of novel polypyrrolenanotube/polyaniline free-standing composite films via facile solvent-evaporation
method. Compos Sci Technol 2012;72:181217.
[31] Gonzalez-sanchez C, Fonseca-Valero C, Ochoa-Mendoza A, Garriga-Meco A,
Rodriguz-Hurtado E. Rheological behavior of original and recycled cellulosepolyolefin. Compo A 2011;42:107583.
[32] Haque MM, Alvarez V, Paci M, Pracella. Processing, compatibilization and properties
of ternary composites of mater-Bi with polyolefins and hemp fibres. Compos A
2011;42:20609.
[33] Streller RC, Thomann R, Torno O, Mulhaupt R. Isotactic poly(propylene) nanocomposites based upon boehmite nanofillers. Macromol Mater Eng 2008;293:21827.
[34] Vasile C, Darie RN, Cheaburu-Yilmaz CN, Pricope G-M, Bracic M, Pamfil D, et al.
Low density polyethylene-chitosan composites. Composites B 2013;55:31423.
[35] Kim D, Krishnamoorti R. Interfacial activity of poly[oligo(ethylene oxide)-monomethyl
ether methacrylate]-grated silica nanoparticles. Ind Eng Chem Res 2015;54:364856.
[36] Kim LT, Lee HJH, Shofner ML, Jacob K, Tannenbaum R. Crystallization kinetics and
anisotropic properties of polyethylene oxide/magnetic carbon nanotubes composite
films. Polymer 2009;53:240211.
[37] Li Y, Hu C, Yu Y. Interfacial studies of sisal fiber reinforced high density polyethylene
(HDPE) composites. Composites A 2008;39:5708.
[38] Hamour N, Boukerrou A, Djidjelli H, Maigret JE, Beaugrand J. Effect of MAPP compatibilization and acetylation treatment followed by hydrothermal aging on polypropylene alfa fiber composites. Int J Polym Sci 2015;2015:9.
[39] Doan TL, Gao S-L, Mader E. Jute/polypropylene composites I. Effect of matrix modification. Compos Sci Technol 2006;66:95263.
[40] Boronat T, Fombuena V, Garcia-Sanoguera D, Sanchez_Nacher L, Balart R.
Development of a biocomposite based on green polyethylene biopolymer and eggshell.
Mater Des 2015;68:17785.
[41] Cheewawuttipong W, Fuoka D, Tanoue S, Uematsu H, Iemoto Y. Thermal and
mechanical properties of polypropylene/boron nitride composites. Energy Procedia
2013;34:80817.
[42] Blumstein A. Polymerization of adsorbed monolayers. II. Thermal degradation of the
inserted polymers. J Polym Sci 1965;3:266573.
[43] Park T, Zimmerman SC. Formation of a miscible supramolecular polymer blend
through self-assembly mediated by a quadruply hydrogen-bonded heterocomplex. J Am
Chem Soc 2006;128:1158290.
[44] Rhim JW, Ng PKW. Natural biopolymer-based nanocomposite films for packaging
applications. Crit Rev Food Sci Nutr 2007;47:41133.
[45] Labaume I, Huitric J, Mederic P, Aubry T. Structural and rheological properties of different polyamide/polyethylene blends filled with clay nanoparticles: a comparative
study. Polymer 2013;54:36719.
[46] Lomakin SM, Rogovina SZ, Grachev AV, Prut EV, Alexanyan CV. Thermal degradation of biodegradable blends of polyethylene with cellulose and ethylcellulose.
Thermochim Acta 2011;521:6273.
[47] Thareja P, Velankar S. Interfacial activity of particles at PI/PDMS and PI/PIB interfaces: analysis based on Girifalco-Good theory. Colliod Polym Sci 2008;286:125764.
[48] Utracki LA. Compatibilization of polymer blends. Can J Chem Eng 2002;80:100816.

442

Polyolefin Fibres

[49] Valentino O, Sarno M, Rainone NG, Nobile MR, Ciambelli P, Neitzert HC, et al.
Influence of the polymer structure and nanotube concentration on the conuctivity and
rheological properties of polyethylene/CNT composites. Physica E 2008;40:24405.
[50] Ogunniran ES, Sadiku R, Ray SS, Luruli N. Effect of boehmite alumina nanofiller
incorporation on the morphology and thermal properties of functionalized poly(propylene)/polyamide 12 blends. Macromol Mater Eng 2012;297:23748.
[51] Ogunniran ES, Sadiku R, Ray SS, Luruli N. Morphology and thermal properties of
compatibilized pa12/pp blends with boehmite alumina nanofiller inclusions. Macromol
Mater Eng 2012;297:62738.
[52] Gai J-G, Zu Y. Effect of ethylene-propylene copolymers on the phase morphologies
and properties of ultrahigh molecular weight polyethylene: dissipative particle
dynamics simulations and experimental studies. Mater Sci Eng A 2011;529:218.
[53] Besson F, Budtova T. Cellulose ester-polyolefine binary blend: morphological, rheological and mechanical properties. Eur Polym J 2012;48:9819.
[54] Lee T-W, Jeong YG. Enhanced electrical conductivity, mechanical modulus and thermal stability of immiscible polylactide/polypropylene blends by the selective localization of multi-walled carbon nanotubes. Compos Sci Technol 2014;103:7884.
[55] Chiu F-C, Lai S-M, Ti K-T. Characterization and comparison of metallocene-catalyzed
polyethylene/thermoplastic starch blends and nanocomposites. Polym Test 2009;28:
24350.
[56] Kunanopparat T, Menut P, Morel MH, Guilbert S. Plasticized wheat gluten reinforcement with natural fibers: effect of thermal treatment on the fiber/matrix adhesion.
Compos A 2008;39:178792.
[57] Usuki A, Kato M, Okada A, Karauchi T. Synthesis of polypropylene-clay hybrid.
J Appl polym Sci 1997;63:1379.
[58] Keener TJ, Stuart RK, Brown TK. Maleated coupling agents for natural fiber composites. Composites A 2004;35:35762.
[59] Chem C, Samaniuk J, Baird DG, Devoux G, Zhang M, Moore RB. The preparation of
nano-clay/polypropylene composite materials with imprved properties using supercritical carbon dioxide and a sequential mixing technique. Polymer 2012;53:137382.
[60] Nguyen QT, Baird DG. An improved technique for exfoliating and dispersing nanoclay
particles into polymer matrix using supercritical carbon dioxide. Polymer 2007;48:
692333.
[61] Yordanov C, Minkova L. Fractionated crystallization LDPE/PA6. Eur Polym J 2005;41:
52734.
[62] Tagdemir M, Biltekin H, Caneba GT. Preparation and characterization of LDPE and
PP—wood fiber composites. J Appl Polym Sci 2009;112(5):3095102.
[63] Demir H, Atikler U, Balkose D, Tıhmınlıoglu F. The effect of fiber surface treatments
on the tensile and water sorption properties of polypropyleneluffa fiber composites.
Compos A Appl Sci Manuf 2006;37(3):44756.
[64] Amar B, Salem K, Hocine D, Chadia I, Juan MJ. Study and characterization of composites materials based on polypropylene loaded with olive husk flour. J Appl Polym Sci
2011;122(2):138294.
[65] Beaugrand J, Berzin F. Lignocellulosic fiber reinforced composites: influence of compounding conditions on defibrization and mechanical properties. J Appl Polym Sci
2013;128(2):122738.
[66] Kabir MM, Wang H, Lau KT, Cardona F. Chemical treatments on plant-based natural
fiber reinforced polymer composites: an overview. Compos B Eng 2012;43:2883.

Improving the thermal and flame resistance properties of polyolefins

443

[67] Khoathane MC, Sadiku ER, Agwuncha SC. Chapter 14—Surface modification of
natural fiber composites and their potential applications. In: Thakur VK, Singha AS,
editors. Surface modification of biopolymers. USA: John Wiley & Sons, Inc; 2015.
p. 370400.
[68] Dissanayake NPJ, Summerscales J, Grove SM, Singh MM. Life cycle impact assessment of flax fibre for the reinforcement of composites. J Biobased Mater Bioenergy
2009;3(3):2458.
[69] Huber T, M’ussig J, Curnow O, Pang S, Bickerton S, Staiger MP. A critical review of
all-cellulose composites. J Mater Sci 2012;47(3):117186.
[70] Islam MN, Rahman MR, Haque MM, Huque MM. Physico-mechanical properties of
chemically treated coir reinforced polypropylene composites. Compos A Appl Sci
Manuf 2010;41(2):1928.
[71] Ochi S. Mechanical properties of kenaf fibers and kenaf/PLA composites. Mech Mater
2008;40(4-5):44652.
[72] Pandey JK, Reddy KR, Kumar AP, Singh RP. An overview on the degradability of
polymer nanocomposites. Polym Degrad Stab 2005;88(2):23450.
[73] Silva MBR, Tavares MIB, Da Silva EO, Neto RPC. Dynamic and structural evaluation
of poly(3-hydroxybutyrate) layered nanocomposites. Polym Test 2013;32:16574.
[74] Bodros E, Pillin I, Montrelay N, Baley C. Could biopolymers reinforced by randomly
scattered flax fibre be used in structural applications? Compos Sci Technol 2007;67
(3-4):46270.
[75] Boukerrou A, Hamour N, Djidjelli H, Hammiche D. Effect of the different sizes of the
alfa on the physical, morphological and mechanical properties of PVC/alfa composites.
Macromol Symp 2012;321322(1):1916.
[76] Kalia S, Thakur K, Celli A, Kiechel MA, Schauer SL. Surface modification of plant
fibers using environmental friendly methods for their application in polymer composites, textile industry and antimicrobial activities: a review. J Environ Chem Eng
2013;1(3):97.
[77] Liu XY, Dai GC. Sueface modification and micromechanical properties of jute fiber
mat reinforced polypropylene composites. Express Polym Lett 2007;1(5):299307.
[78] Hammiche D, Boukerrou A, Djidjelli H, Beztout M, Krim S. Synthesis of a new compatibilisant agent PVC-g-MA and its use in the PVC/alfa composites. J Appl Polym Sci
2012;124(5):435261.
[79] Cantero G, Arbelaiz A, Mugika F, Valea A, Mondragon I. Mechanical behavior of
wood/polypropylene composites: effects of fibre treatments and ageing processes.
J Reinforced Plast Compos 2003;22(1):3750.
[80] Sinha E, Rout SK. Influence of fibre-surface treatment on structural, thermal and
mechanical properties of jute fibre and its composite. Bull Mater Sci 2009;32(1):
6576.
[81] Bernasconi A, Cosmi F, Hine PJ. Analysis of fiber orientation distribution in short fibre
reinforced polymer: a comparison between optical and tomographic methods. Compos
Sci Technol 2012;72:20028.
[82] Viksne A, Bledzki AK, Rence L, Berzina R. Water uptake and mechanical characteristics of wood fiber-polypropylene composites. Mech Compos Mater 2006;42(1):7382.
[83] Ibrahim ID, Jamiru T, Sadiku ER, Kupolati WK, Agwuncha SC, Ekundayo G. Mechanical
properties of sisal fibre-reinforced polymer composite: a review. Compos Interfaces
2016;23(1):1536. Available from: http://dx.doi.org/10.1080/09276440.2016.1087247.

444

Polyolefin Fibres

[84] Vaia RA, Ishii H, Giannelis EP. Synthesis and properties of two-dimentional nanostructures by direct intercalation of polymer melts in layered silicates. Chem Mater
1993;5:16946.
[85] Dorigato A, Pegoretti A, Penati A. Linear low-density polyethylene/silica micro- and
nanocomposites: dynamic rheological measurements and modeling. eXPRESS Polym
Lett 2010;4(2):11529.
[86] Nand AV, Swift S, Uy B, Kilmartin PA. Evaluation of antioxidant and antimicrobial
properties of biocompatible lowdensity polyethylene/polyaniline blends. J Food Eng
2013;116:4229.
[87] Agwuncha SC, Ray SS, Jayaramadu J, Khoathane MC, Sadiku ER. Influence of
boehmite nanoparticle loading on the mechanical, thermal and rheological properties
of biodegradable polylactide/poly(ε-caprolactone) blends. Macromol Mater Eng
2015;300:31.
[88] Kaur J, Lee JH, Shofner ML. Influence of polymer matrix crystallinity on nanocomposite morphology and properties. Polymer 2011;52:433744.
[89] Peila R, Lengvinaite S, Malucelli G, Priola A, Ronchetti S. Modified organophilic
montmorillonites/LDPE nanocomposites: preparation and thermal characterization.
J Thermal Anal Calorimet 2008;91:10711.
[90] Stoeffler K, Lafleur PG, Denault J. Effect of intercalating agents on clay dispersion
and thermal properties in polyethylene/montmorillonite nanocomposites. Polym Eng
Sci 2008;48:144966.
[91] Garcia N, Hoyos M, Guzman J, Tiemblo P. Comparing the effect of nanofillers as
thermal stabilizers in low density polyethylene. Polym Degrad Stab 2009;94:3948.
[92] Qiu L, Chen W, Qu B. Morphology and thermal stabilization mechanism of LLDPE/
MMT and LLDPE/LDH nanocomposites. Polymer 2006;47:92230.
[93] Sanchez-Valdes S, Lapez-Quintanilla ML, Ramarez-Vargas E, Medellan-Rodraguez FJ,
Gutierrez-Rodriguez JM. Effect of ionomeric compatibilizer on clay dispersion in
polyethylene/clay nanocomposites. Macromol Mater Eng 2006;291:12836.
[94] Malucelli G, Bongiovanni R, Sangermano M, Ronchetti S, Priola A. Preparation and
characterization of UV-cured epoxy nanocomposites based on o-montmorillonite modified with maleinized liquid polybutadienes. Polymer 2007;48:70007.
[95] Valera-Zaragoza M, Ramirez-Vargas E, Medelli-n-Rodriguez FJ, Huerta-Martinez BM.
Thermal stability and flammability properties of heterophasic PP-EP/EVA/organoclay
nanocomposites. Polym Degrad Stab 2006;91:131925.
[96] Gilman J, Kashiwagi T, Brown J, Lomakin S, Giannelis E. Proceedings of the 43rd
international SAMPE symposium, Anaheim, USA, May 31June 4; 1998.
[97] Zhu J, Uhl FM, Morgan AB, Wilkie CA. Studies on the mechanism by which the formation of nanocomposites enhances thermal stability. Chem Mater 2001;13:464954.
[98] Alexandre M, Dubois P. Polymer-layered silicate nanocomposites: preparation, properties and uses of a new class of materials. Mater Sci Eng 2000;28:163.
[99] Kotsilkova R, Petkova V, Pelovski Y. Thermal analysis of polymersilicate nanocomposites. J Therm Anal Calorim 2001;64:5918.
[100] Peterson JD, Vyazovkin S, Wight CA. Kinetics of the thermal and thermo-oxidative
degradation of polystyrene polyethylene and poly(propylene). Macromol Chem Phys
2001;202(6):77584.
[101] Wang Y, Chen F-B, Li Y-C, Wu K-C. Melt processing of polypropylene/clay nanocomposites modified with maleated polypropylene compatibilizers. Compos B Eng
2004;35:11124.

Improving the thermal and flame resistance properties of polyolefins

445

[102] Zhu J, Morgan AB, Lamelas FJ, Wilkie CA. Fire properties of polystyrene-clay nanocomposites. Chem Mater 2001;13:377480.
[103] Morawiec J, Pawlak A, Slouf M, Galeski A, Piorkowska E, Krasnikowa N.
Preparation and properties of compatibilized LDPE/organo-modified montmorillonite
nanocomposites. Eur Polym J 2005;41:111522.
[104] Costache MC, Manias E, Wilkie CA. Preparation and characterization of poly(ethylene terephthalate)/ clay nanocomposite by melt blending using thermally
stable surfactants. Polym Adv Technol 2006;17:76471.
[105] Frounchi M, Dourbash A. Oxygen barrier properties of poly(ethylene trephthalate)
nanocomposites films. Macromol Mater Eng 2009;294:6874.
[106] Giraldi ALF, de M, Bizarri MTM, Silva AA, Velasco JI, d’Avila MA, et al. Effects of
extrusion conditions on the properties of recycled poly(ethylene terephthalate)/nanoclay nanocomposites prepared by a twin-screw extruder. J Appl Polym Sci
2008;108:22529.
[107] Bandypadhyay J, Ray SS, Bousmina M. Thermal and thermomechanical properties of
poly(ethylene terephthalate) nanocomposites. J Ind Eng Chem 2007;13:61423.
[108] Barber GD, Calhoun BH, Moore RB. Poly(ethylene terephthalate) ionomer based clay
nanocomposites produced via melt extrusion. Polymer 2005;4:670614.
[109] Raman C, Meneghetti P. Boron nitride finds new application in thermoplastic compounds. Plast Additives Compound 2008;10(3):269.
[110] Weidenfeller B, Hofer M, Schilling FR. Thermal conductivity, thermal diffusivity, and
specific heat capacity of particle filled polypropylene. Composites A 2004;35(4):4239.
[111] Zhou W, Wang C, Ai T, Wu K, Zhao F, Gu H. A novel fiber-reinforced polyethylene
composite with added silicon nitride particle for enhanced thermal conductivity.
Composites A 2009;40(6-7):8306.
[112] Weidenfeller B, Hofer M, Schilling FR. Thermal and electrical properties of magnetite
filled polymers. Composites A 2002;33(8):104153.
[113] Zhou W, Qi S, Li H, Shao S. Study on insulating thermal conductivity BN/HDPE
composites. Thermochim Acta 2007;452(1):3642.
[114] Betega de Paiva L, Morales AR, Guimaraes TR. Structural and optical properties of
polypropylene-montmorillonite. Mater Sci Eng A 2007;447:2615.
[115] Almeida LA, Marques MDFV, Dahmouche K. Synthesis of polypropylene/organoclaynanocomposites via in situ polymerization with improved thermal and dynamicmechanical properties. J Nanosci Nanotechnol 2015;15(3):251422.
[116] Pal P, Kundu MK, Malas A, Das CK. Thermo mechanical properties of organically
modified halloysite nanotubes/cyclic olefin copolymer composite. Polym Compos
2015;36(5):95560.
[117] Toyonaga M, Chammingkwan P, Terano M, Taniike T. Well-defined polypropylene/
polypropylene-grafted silica nanocomposites: roles of number and molecularweight of
grafted chains on mechanistic reinforcement. Polymers 2016;8:300.
[118] Tootal Cray Valley Technical Update. 2016. Dymalink 9201-new additive for increasing the heat distortion temperature and modulus of PP. Retrieved from: www.crayvalley.com [accessed 09.09.16].
[119] Greene-Kelly R. In: Mackenzie RC, editor. The differential thermal investigation of
clays. London: Mineralogical Society; 1957.
[120] Xie W, Gao Z, Liu K, Pan W-P, Vaia R, Hunter D, et al. Thermal characterization of
organically modified montmorillonite. Thermochim Acta 2001;367-368:33950.

446

Polyolefin Fibres

[121] Zheng X, Wilkie CA. Polymeric nanocomposites based on poly(e-caprolactone)/clay
hybrid: polystyrene, high impact polystyrene, ABS, polypropylene and polyethylene.
Polym Degrad Stab 2003;82:44150.
[122] Ding C, Jia D, He H, Guo B, Hong H. How organo-montmorillonite truly affects the
structure and properties of polypropylene. Polym Test 2005;24:94100.
[123] Lomakin SM, Dubnikova IL, Berezina SM, Zaikov GE. Kinetic study of polypropylene nanocomposite thermo-oxidative degradation. Polym Int 2005;54:9991006.
[124] Mita I. In: Jellinek HHG, editor. Aspects of degradation and stabilization of polymers.
Amsterdam: Elsevier; 1978. p. 1978.
[125] Wan C, Qiao X, Zhang Y, Zhang Y. Effect of different clay treatment on morphology
and mechanical properties of PVC-clay nanocomposites. Polym Test 2003;22
(4):45361.
[126] Lee J, Takekoshi T, Giannelis EP. Fire retardant polyetherimide nanocomposites.
Mater Res Soc Symp Proc 1997;457:51318.
[127] Innes A, Innes J. Flame retardants. Handbook of environmental degradation of materials. Amsterdam: Elsevier; 2012 (Chapter 10).
[128] Tolinski M. Flame-retarding additivesChapter 5: additives for polyolefins.
Amsterdam: Elsevier Inc; 2015http://dx.doi.org/10.1016/B978-0-323-35884-2.00005-3.
[129] Wang B, Sheng H, Shi Y, Hu W, Hong N, Zeng W, et al. Recent advances for microencapsulation of flame retardant. Polym Degrad Stab 2015;113:96109.
[130] Nie S, Zhang C, Peng C, Wang D-Y, Ding D, He Q. Study of the synergistic effect of
nanoporous nickel phosphates on novel intumescent flame retardant polypropylene
composites. J Spectrosc 2015; http://dx.doi.org/10.1155/2015/289298.
[131] Tan Y, Shao Z-B, Yu L-X, Xu Y-J, Rao W-H, Chen L, et al. Polyethyleneimine modified ammonium polyphosphate toward polyamine-hardener for epoxy resin: thermal
stability, flame retardance and smoke suppression. Polym Degrad Stab 2016;131:
6270.
[132] Chen Y, Jia Z, Luo Y, Jia D, Li B. Environmentally friendly flame-retardant and its
application in rigid polyurethane foam. Int J Polym Sci 2014; http://dx.doi.org/
10.1155/2014/263716.
[133] Lai X, Qiu J, Li H, Zeng X, Tang S, Chen Y, et al. Flame-retardant and thermal degradation mechanism of caged phosphate charring agent with melamine pyrophosphate
for polypropylene. Int J Polym Sci 2015; http://dx.doi.org/10.1155/2015/360274.
[134] Theravalappil R. 2012. Polyolefin elastomers: a study on crosslinking, blends and
composites. PhD Thesis. Tomas Bata University, Zlin.
[135] Kusmono M, Ishak ZA, Chow WS, Takeichi T, Rochmadi. Influence of SEBS-g-MA
on morphology, mechanical, and thermal properties of PA6/PP/organoclay nanocomposites. Eur Polym J 2008;44:102339.
[136] Dittrich B, Wartig K-A, Mülhaupt R, Schartel B. Flame-retardancy properties of intumescent ammonium poly(phosphate) and mineral filler magnesium hydroxide in combination with graphene. Polymers 2014;6:287595.
[137] Arao Y. Chapter 2—Flame retardancy of polymer nanocomposite: flame retardants.
Engineering materials. Switzerland: Springer International; 2015. Available from:
http://dx.doi.org/10.1007/978-3-319-03467-6_2.
[138] Lee Y.H. Foaming of wood flour/polyolefin/layered silicate composites. PhD Thesis.
University of Toronto; 2008.
[139] Lee YH, Kuboki T, Park CB, Sain M, Kontopoulou M. The effects of clay dispersion
on the mechanical, physical, and flame-retarding properties of wood fiber/polyethylene/clay nanocomposites. J Appl Polym Sci 2010;118:45261.

Improving the thermal and flame resistance properties of polyolefins

447

[140] Chanprapanon W, Suppakarn N, Jarukumjorn K. Effect of organoclay types on mechanical properties and flammability of polypropylene/sisal fiber composites. ICCM 18—
18th international conference on composite materials, Korea, 2126 August; 2011.
[141] Gallo E. 2009. Progress in polyesters flame retardancy: new halogen-free formulations. PhD Thesis. Universitá Degli Studi Di Napoli Federico II. Italy.
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15.1

Introduction: brief survey of polyolefin resins
and their general properties

The last three and half decades have witnessed tremendous growth in the quantity
of polyolefin materials employed by the automotive industry. This is as a result of
the several technological breakthroughs (such as the catalloy process technology of
Basell), which have, unwittingly, extended the useful properties and potential range
of polyolefins: polymers derived from hydrocarbon molecules that possess one or
more alkenyl (or olefinic) groups.
Typically, the term polyolefin refers to polymers derived from ethylene, propylene,
and other α-olefins, isobutylene, cyclic olefins and butadiene, and other diolefins.
Polyolefins are the largest group of thermoplastics, often referred to as commodity
thermoplastics; they are polymers of simple olefins, such as ethylene, propylene,
butenes, isoprenes, and pentenes, and copolymers and their modifications. The term
polyolefins means “oil-like” and refers to the oily or waxy feel that these materials
have. Polyolefins consist only of carbon and hydrogen atoms and they are nonaromatic. Usually, extrusion, injection molding, blow molding, or rotational molding
methods are used to process polyolefins. However, thermoforming, extrusion,
calendaring, and compression molding techniques are used to a lesser degree.
Inherent characteristics common to all polyolefins are that they are nonpolar,
Polyolefin Fibres. DOI: http://dx.doi.org/10.1016/B978-0-08-101132-4.00015-1
Copyright © 2017 Elsevier Ltd. All rights reserved.
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nonporous, and their low-energy surface that is not receptive to inks and lacquers
without special oxidative pretreatment. The two most important and common polyolefins are polyethylene (PE) and polypropylene (PP) and they are very popular
because of their low cost and wide range of applications.
The family of polyolefins is made up of semicrystalline and amorphous polymers
and also copolymers—all are used as commodity plastics, engineering plastics, and
elastomers. Their chemical structures, molecular weights, stereoregularities, and
crystallinities differ substantially in some cases. Resins from these polymers are
manufactured using a number of technological processes. These processes include
radical initiator polymerization of ethylene at temperatures between 160 C and
360 C, catalytic polymerization processes in hydrocarbon slurry, in a neat monomer,
in solution and gas phase, using ZieglerNatta catalysts, chromium oxide-based
catalysts, and metallocene catalysts [16]. There are a large number of polyolefin
applications, but emphasis will be laid on their uses in the automotive sector.
The world’s largest commercially manufactured polymer products, which total about
half of the world consumed plastics, are made from polyolefin resins; this is as a result
of their versatility [7]. Table 15.1 provides the total amount of polymers used in automobile production and Fig. 15.1 represents the share of thermoplastics for the interior of
an automobile.
Homopolymers made from the family of polyolefin come from the monomers:
ethylene, propylene, butylene, and methyl pentene. Other olefin monomers such as
pentene, hexane, and octene are used to make copolymers. Linear α-olefins are a
range of industrially important α-olefins that include 1-butene, 1-hexene, 1-octene,
1-decene, 1-dodecene, 1-tetradecene, 1-hexadecene, 1-octadecene, and higher
blends of C20C24, C24C30, and C20C30 ranges.

Table 15.1

Polymer fractions in use for automobile parts [8]

Parts

Main type
of plastic

Weight in average
car (kg)

Bumpers
Seats
Dashboard
Fuel systems
Body (including body panels)
Interior trim
Electrical components
Lighting
Upholstery
Exterior trim
Under-the-hood components
Other reservoirs

PP, ABS, PC
PUR, PP, PVC, ABS, PA
PP, ABS, PA, PC, PE
PE, POM, PA, PP
PP, PPE, PBT
PP, ABS, PET, POM, PVC
PP, PE, PBT, PA, PVC
PP, PC, ABS, PMMA, UP
PVC, PUR, PP, PE
ABS, PA, PBT, ASA, PP
ABS, PA, PBT, ASA, PP
PP, PE, PA

10
13
15
7
6
20
7
5.0
8.0
4
9
1.0

Total

105
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Figure 15.1 The shares of the various thermoplastics in the automotive interior, with PP
having about 50% usages [7].

15.1.1 1-Butene (butylene)
There are four isomers of alkenes, which have the chemical formula C4H8, but different structures. The IUPAC (and common) names, respectively, are but-1-ene
(α-butylene), cis-but-2-ene (cis-β-butylene), trans-but-2-ene (trans-β-butylene), and
2-methylpropene (isobutylene). As a result of the double bonds, these four-carbon
alkenes can act as monomers in the formation of polymers and have other uses as
petrochemical intermediates. They are used in the production of synthetic rubber.
But-1-ene is a linear or normal α-olefins and isobutylene is a branched α-olefin.
In a rather low percentage, but-1-ene is used as one of the comonomers, along with
other α-olefins, in the production of high-density polyethylene (HDPE) and linear
low-density polyethylene (LLDPE). Butyl rubber is made by cationic polymerization of isobutylene with between 2% and 7% isoprene. Isobutylene is also used for
the production of methyl tert-butyl ether (MTBE) and isooctane, both of which
improve the octane rating/combustion of gasoline used to power automotive.

15.1.2 1-Hexene and 1-octene
These are higher olefins or alkenes, with formulae C6H12 and C8H16, respectively.
They are α-olefins, meaning that the double bond is located at the α (primary) position, endowing these compounds with higher reactivity and thus useful chemical
properties. They are industrially important linear α-olefins. The overwhelming use
of these two olefins is as comonomers in production of PE. HDPE and LLDPE use
approximately 2%4% and 8%10% of comonomers, respectively.
The chemical and electrical properties of all olefins are similar; hence they often
compete for the same applications. Their crystalline structures differ from each
other, sometimes significantly. However, since the strength properties vary with the
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type and degree of crystallinity, the tensile, flexural, and impact strength of each
polyolefin may be quite different. Stress-crack resistance and useful temperature
range also vary with crystalline structure.
Apart from the solid polyolefin resins, these materials are also available as beads
from which very low-density foam shapes and blocks are produced. Their resilience
and energy absorption (EA) characteristics are excellent when compared with those
of conventional polystyrene (PS) foams. Polymers available as moldable beads
include PE, PP, and a PE/PS copolymer alloy. The same methods used for the processing of expandable polystyrene (EPS) can also be employed for the processing
of the bead forms of polyolefins. Following the expansion of the beads (usually
B40 times that of the solid resins), they are poured into a mold and heated by
direct injection of stream. This softens, expands further, and fuses the particles
together, forming a uniform, free of void, closed-cell shape. After holding, the
shapes are usually annealed and stored at a temperature of 5070 C to stabilize the
shape and dimensions of the foams. With a volume of about 90% air, the foamed
shapes are not quite as strong as solid moldings. They find applications primarily to
cushion impact, insulate the rally, and provide high stiffness-to-weight materials in
composite components. For instance, a 10 cm thick section of foam can absorb the
energy of an 8 km/h impact.
Other applications of PE and PP foams include package cushioning for fragile
and valuable products such as electronic or auto component. The toughness of
PE/PS alloy foams allows them for material-handling applications where repeated
use is required. The two main resins of the polyolefin family are PE and PP. Other
polyolefin polymers and their copolymers include ethylene vinyl acetate (EVA),
ionomer, polybutylene, polymethyl pentene, and polydicyclopentadiene.
Polyolefins are suitable candidates to substitute polyvinylchloride (PVC) in a number of applications, including automotive interiors, where thermoplastic olefins
(TPOs) show up prominently as a leading contender and also, functional polyolefins
(EVA, PE (LD, LLD, and HD), and ethylene butyl acrylate, and ethylene methyl
acrylate, EMA, and their copolymers), as wire and cable compounds, both in low
(,1 kV) and medium-high ( .1600 kV) voltage cabling. This group of polyolefin
can be coupled by an agent or filler such as alumina trihydrate (ATH) and magnesium hydroxide (Mg[OH]2) to produce a halogen-free, flame-retardant wire and cable
formulations. ATH can be as high as 65% in a LLDPE/EVA matrix, for instance.

15.2

Types of polyolefins

Members of the family of polyolefins, submembers of each particular group member and their composites, with respect to their usage in automotive, will be critically
assessed. PP and PE are the two major types of polyolefins, having their own subdivisions based on area of applications and methods of production. There are three
components required to make polyolefins: catalyst or initiator system, monomer or
comonomer, and polymerization reactor. Table 15.2 provides the types of polymerization catalysts and the year it was discovered/developed.
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Types of polymerization catalysts and year of discovery

Catalyst

ZieglerNatta

Phillips

Metallocene

Late transition metal

Year

1950s

1950s

1980s

1990s

15.2.1 Polyethylene
PE is any homopolymer or copolymer in which ethylene is the major component
monomer. It is the largest volume polymer consumed in the world and it is a versatile polymer that offers high performance when compared to other polymers and
alternative materials, such as glass, metal, or paper. PE is a semicrystalline polymer
of low to moderate strength and high toughness; its stiffness, yield strength, and
thermal and the mechanical properties increase with crystallinity [9]. Toughness
and ultimate tensile strength increase with molecular weight. At low temperatures,
PE shows excellent toughness. PE is relatively inexpensive, extremely versatile,
and adaptable to many methods of fabrication techniques. Chemically, PE has high
resistance to solvents, acids, and alkalis. PE has good dielectric and barrier properties. It is used in many housewares, films, molded articles, and coatings.
Rubbery ethylene copolymers are used in compounded mixtures and range in
comonomer content from 25% to 60% by weight, with propylene being the most
widely used comonomer to form ethylenepropylene rubber (EPR). In addition to
propylene, small amounts of a diene are sometimes included, forming a terepolymer. Products containing EPR and terepolymer have many automotive uses such as
in bumpers, facia, dashboards, panels, steering wheels, and assorted interior trim.
By volume, the largest thermoplastic polymers used today are the PEs. They are
available in a variety of grades with equally varied properties. There are flexible,
rigid, and have low-impact strength, while others are very nearly unbreakable.
Some have good clarity and others are opaque and their service temperatures range
between 215 C and 110 C. They have, in general, good toughness, excellent
chemical resistance and electrical properties, low coefficient of friction, very low
(near-zero) moisture absorption, and their ease of processing makes the PE polymers of choice in very many applications. When the major component of a polymer
is ethylene, the resulting homopolymer or copolymer is PE.
LDPE has densities ranging from 0.910 to 0.940 g/cm3. High-pressure lowdensity polyethylene is referred to as LDPE, while LLDPE is a copolymer of PE
that is produced by a low-pressure polymerization process. On the other hand,
HDPE covers the density range from 0.940 to 0.965 g/cm3. HDPE generally consists of a polymethylene (CH2)n chain with no, or very few, side chains to disorganize the crystallization process, while LLDPE contains side chains whose length
depends on the comonomer used.
The two tie-layer resins from Equistar Chemicals were designed for different
kinds of barrier co-extrusion [10]. The Plexar PX360E is an anhydride-modified
LLDPE for blow molding fuel tanks. Its high adhesive strength reportedly helps
maximize performance of ethylene vinyl alcohol (EVOH) barrier layers in order to
meet demanding fuel emission limits. The other product, Plexar PX 1164, is an
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anhydride-modified EVA for packaging. It, however, bonds nylon and EVOH to
PS, polybutylene terephthalate (PBT), and polyethylene terephthalate (PET). It
reportedly also bonds well to EVA, EMA and ionomer, PP, metal, and paper.
Among the various applications, HDPE is used in pickup truck bedliners and
automotive fuel tanks. Rubbery ethylene copolymers are used in compounded mixtures and range in comonomer content from 25% to 60% by weight, with propylene
being the most widely used comonomer to form EPR. In addition to propylene,
small amounts of a diene are sometimes included to form a terpolymer. Products
containing EPR and terpolymer have many automotive uses in parts such as in
bumpers, fascia, dashboard panels, steering wheels, and many interior trims.

15.2.2 Classifications of PEs
For convenience, PEs are better classified according to density.

15.2.2.1 Ultrahigh molecular weight polyethylene and high
molecular weight polyethylene
This is a PE that has a molecular weight in the millions, usually between 3.0 and
5.8 million. As a result of the high molecular weight, there is less efficient packing
of the chains into the crystal structure. This is evidenced by their densities, which
are less than the HDPE (e.g., B0.930 g/cm3). The high molecular weight results in
a very tough material. The ultrahigh molecular weight polyethylene (UHMWPE)
can be made through any catalyst technology, although Ziegler catalysts are the
most common medium of production. UHWMPE has very broad and diversified
applications, because of its outstanding toughness, wear, and excellent chemical
resistance. These applications can safely include machine parts, moving parts of
machines, bearings, gears, and artificial joints.

15.2.2.2 High-density polyethylene
HDPE generally consists of a polymethylene (CH2)n chain with no, or very few,
side chains to disrupt crystallization. PE with density $0.941 g/cm3 (usually
between 0.941 and 0.967 g/cm3) can be termed HDPE. It has a low degree of
branching and hence displays stronger intermolecular forces and tensile strength.
Chromiumsilica catalysts, ZieglerNatta catalysts, and metallocene catalysts are
suitable for the production of HDPE. The lack of branching is ensured by an appropriate choice of catalyst (e.g., chromium catalysts or ZieglerNatta catalysts) and
reaction conditions. A lot of research activity has been recently focused on the
nature and distribution of long chain branches in PE [11,12]. In HDPE, a relatively
small number of these branches (B1 in 100 or 1000 branches per backbone carbon)
can significantly affect the rheological properties of the polymer. Among the application of HDPE, relevant to this chapter, is the utilization of this class of PE for
automotive fuel tanks and pickup truck bedliners.
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15.2.2.3 High-density cross-linked polyethylene and cross-linked
polyethylene
High-density cross-linked polyethylene (HDXLPE) and cross-linked polyethylene
(XPE) are medium-density polyethylene (MDPE) to HDPE containing cross-link
bonds. These bonds are introduced into the polymer structure, thereby changing the
thermoplastic into an elastomer. The cross-links introduced cause the hightemperature properties of the polymer to be improved, its flow is reduced, and its
chemical resistance is enhanced. XPE is used in some portable water plumbing systems, as tubes made of the material can be expanded to fit over a metal nipple and it
will slowly return to its original shape, forming a permanent, watertight connection.

15.2.2.4 Medium-density polyethylene
MDPE is a PE having a density range of 0.9250.940 g/cm3. Chromiumsilica catalysts, ZieglerNatta catalysts, or metallocene catalysts can produce it. MDPE has
good shock and drop resistance properties. HDPE is more notch-sensitive than MDPE,
but the latter has a better stress-cracking resistance. MDPE is used typically in gas
pipes and fittings, sacks, shrink film, packaging film, carrier bags, and screw closures.

15.2.2.5 Low-density polyethylene
LDPE is produced via free radical polymerization. High-pressure low-density polyethylene is referred to as LDPE. The high degree of short and long chain branching
characterizes the LDPE and this indicates the fact that the chains do not pack well
in the crystal structure, hence giving it its low-density (0.9100.940 g/cm3) nature.
Because of its low instantaneous dipoledipole interactions, it therefore has less
intermolecular forces. As a result of the above characteristics, LDPE has low
strength and an increased ductility. The high degree of branches with long chains
gives molten LDPE unique and desirable flow properties. Its applications include
both rigid containers and plastic film applications such as plastic bags, pipes, and
film wrap [13].

15.2.2.6 Linear low-density polyethylene
LLDPE contains side chains whose length depends on the commoner used in the
polymerization. LLDPE is a copolymer of PE that is produced by a low-pressure
polymerization process. LLDPE has a density range of 0.9100.920 g/cm3 and it is
substantially a linear polymer with significant numbers of short branches. It is commonly produced by copolymerization of ethylene with short-chain α-olefins (e.g.,
1-butene, 1-hexene, and 1-octene). It has a higher tensile strength than LDPE.
LLDPE exhibits higher impact and puncture resistance than LDPE. Due to its lower
thickness (gauge), films can be blown relatively easier than LDPE. It has a better
environmental stress-cracking resistance compared with LDPE; however, it is not
as easy to process. It is used in packaging, particularly film for bags and sheets. It
is popular in cable covering (including usage in automotive cable covering), toys,
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lids, buckets, pipes, and containers. Due to its toughness, flexibility, and relative
transparency, other applications of LLDPE are available, but it is used predominantly in film applications [14].

15.2.2.7 Very low-density polyethylene
Very low-density polyethylene (VLDPE) has very low density, defined in the range
of 0.8800.910 g/cm3. It is a polymer that is substantially linear, with high levels
of short-chain branches. It is commonly produced through the copolymerization of
ethylene with short-chain α-olefins (e.g., 1-butene, 1-hexene, and 1-octene), similar
to the LLDPE. Because of the high amount of comonomer incorporation by metallocene catalysts [1], VLDPE is most commonly produced using these new generation catalysts. VLDPEs find applications in hose and tubing, ice and frozen food
bags, food packaging, and stretch wrap. They also find applications as impact modifiers when blended with other polymers.
The properties of these high-performance plastics are very different from the
conventional PEs. The XPEs are special grades produced by irradiation or chemical
treatments and such special grades become essentially thermoset materials, having
very good heat resistance and strength.

15.2.2.8 Application of UHMWPE in automotive
The UHMWPE automotive squeak and rattle tapes are available with direct coat
acrylic or elastomeric adhesive. They conform to plastic and metal surfaces, even
in unusual shapes, to reduce noise without wearing out. DeWAL squeak and rattle
tapes made of UHMWPE offer excellent wear resistance and exceptionally smooth
surfaces. They are designed to reduce noise without wearing out under many interior and exterior automotive conditions. They conform to plastic and metal surfaces,
even in unusual shapes and are used most frequently inside automotive dashboards.
They also find their way into engine compartments, trunks, auto interior liners, and
auto exteriors.
A device that permits constrained relative motion between two parts, typically
rotation or linear movement, is called a bearing. Bearings may be classified broadly
according to the motions they allow and according to their principle of operation.
The first plain and rolling element bearings were made of wood, but ceramic, sapphire, or glass can be used. Steel, bronze, and other metals and plastic (e.g., nylon,
polyoxymethylene, teflon, and UHMWPE) are common nowadays and they find
easy applications in automotive. Kurtz [15] reported that UHMWPE are used for
inner lining for dump trucks in addition to bumpers. More than 90% of the
UHMWPE finds useful applications in the industries worldwide.

15.2.2.9 Application of HDPE in automotive
As a result of its low cost, excellent fuel resistance, and ease of processability,
HDPE and the 30% glass-fibre-reinforced HDPE are used for the manufacturing of
fuel tanks. The thermoformed fuel tank from Ford supplier Visteon Corporation is a
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significant departure from traditional blow molded tanks. The thermoforming technique gives automakers more flexibility to mold more complex fuel tank shapes.
Fuel tank components such as the rollover valves and fuel sender unit also can be
internalized. The configuration helps meet the stringent regulations for hydrocarbon
lost into the atmosphere.
The multilayer structures used in this sector are designed to limit the emission of
vapors into the atmosphere. A good replacement for fluorinated HDPE or metal
tanks, is the multilayer EVOH, a structural material that is easy to recycle and mold
into complex shapes. The resin used offers excellent adhesive and mechanical performance combined with remarkable resistance to different types of fuels.
A fuel tank is part of an engine system in which the fuel is stored and released
into the engine. Fuel tanks can range in size and complexity from the small plastic
tank of butane lighters to the multichambered cryogenic space shuttle external
tanks. For each new vehicle a specific fuel system has to be developed. Fuel tank
architectures have complex geometries, as they are to optimize every space left by
the car architecture to achieve the capacity of fuel volume required by the vehicle.
Moreover, for one car model, different versions of fuel system architectures have to
be developed with more or less components, depending on the type of the car, the
type of fuel (gasoline or diesel), nozzle models, and the region where the car will
be driven. Two technologies are used to make fuel tanks for automobiles. Plastic
HDPE fuel tanks are produced via blow molding. This technology is increasingly
used as it now shows its capacity to obtain very low emissions of fuel with the
advent of partial zero-emission vehicle. Metal (steel or aluminum) fuel tanks are
obtained by welding of stamped sheets. Although this technology is very good in
limiting fuel emissions, it tends to be less competitive and thus less on the market.
HDPE is a PE thermoplastic made from petroleum. It takes 1.75 kg of petroleum
(in terms of energy and raw materials) to make 1 kg of HDPE.
The high molecular weight, HDPE resins produced by ExxonMobil Chemical’s
Paxon was used in the development of the first co-extruded multilayer fuel tanks.
These resins provide the lightweight, corrosion resistance, strength, and flexibility
that make up the “ideal” plastic for fuel tanks and other large part blow molding
applications. Also, Basell’s Lupolen PE resins are very good materials for the production of plastic fuel tanks. HDPE homopolymer and 30% glass-fibre-reinforced
PE having excellent fuel resistance, low production cost, and easy processability
contributed to its usefulness for automotive fuel tank applications.

15.3

Ethylene copolymers

Aside the α-olefins, a wide range of other monomers and ionic compositions, which
creates ionized free radicals, can be copolymerized with ethylene. The most common examples include vinyl acetate (VA) (resulting product is EVA copolymer,
which is widely used in athletic shoe sole foams, flexible hose, flexible packaging,
films, footwear component, automobile bumpers) and a variety of acrylates.
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The resulting products find applications in packaging, insulating, and sporting
goods [1618].

15.3.1 Use of EVA copolymer in automotive
The Dupont Elvax resins with medium VA content can be used as semiconductor
shields and in automotive primary wire and motor lead. Higher VA grades can be
used in tough, heat-resistant jackets for automotive ignition and low-smoke cables,
or as strippable semiconductor insulation shields. EVA/XPE foam sheets have been
used for the following automotive applications: interior ceilings, sun visor, slide
trim, door trim, gaskets, and seat. Incorporation of VA comonomer into the backbone chain of PE has three main effects: (1) reduce the crystallinity of the PE in
quantity to the molar concentration of comonomer, (2) corresponding change in solubility, and (3) the glass transition of the copolymers gradually shift higher [19].
The use of EVA, is for precoating the back of carpets in order to lock the fibre
tufts to the scrim, while the sheets of the interior side trim and the sun visors are
made of EVA-XPE foams. EVA and LDPE polymers made by Ateva are finding
increased use in the automotive applications such as carpet backing and noise
reduction. They are used to precoat the back of carpets to lock the fibre tufts to the
scrim. For this application, usually high melt index (MI), EVA (VA content of
18%), or LDPE polymers are chosen, with good balance between the adhesive and
cohesive strength of the polymer. To improve wear, a higher MI helps penetrating
the melt through the carpet fibres and increased VA content achieves higher adhesion. The heavily filled (up to 80% by weight of fillers), but flexible compositions
have been found to be very useful in dampening vibration and absorbing sound.
The two types of material are massback and sound deadening.
Highly filled EVAs are termed massback and it is applied beneath the automotive carpet and in some cases, directly extruded onto the precoat. The massback
layer is used as a sound barrier between the engine and the passenger compartment.
The requirements of the filled compounds are sound soundproofing properties,
thermoformability, and good flexibility over a wide temperature range. High VA
content EVA is an ideal base resin for this application since its polarity allows
good compatibility with high levels of filler. Similar compositions are also made
into smaller-sized individual sound soundproofing components. These materials are
strategically placed in high noise areas of an automobile including fender wells,
inside doors, or under the dashboard. Furthermore, an absence of plasticizers helps
to prevent window fogging. Gasketing is another automotive application of EVA
copolymers. EVA is a component of cross-linked compounds and foams, which are
finding increasing use due to their rubbery nature and heat and ozone resistance.
EVA has good sound absorption and good adhesion with many substrates.

15.3.2 Ethylene glycol
Ethylene glycol (monoethylene glycol, or ethane-1,2-diol) is an alcohol with two OH
groups (a diol), a chemical compound widely used as automotive antifreeze.
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In its pure form, it is an odorless, colorless, syrupy liquid with a sweet taste.
Ethylene glycol is toxic and its accidental ingestion should be considered a medical emergency. The major use of ethylene glycol is as a coolant or antifreeze in
automobiles and personal computers. Due to its low freezing point, it is also
used as a deicing fluid for windshields. In recent research, Selvam et al. [20]
explained how the thermal conductivity of ethylene glycol can be enhanced with
graphene nanoplatelets, since it can be used as a medium for convective heat
transfer. An and Chen [21] also reported using it as a fuel cell for sustainable
energy production. Ethylene glycol has become increasingly important in the plastic industry for the manufacture of polyester fibres and resins, including PET,
which is used to make plastic bottles for soft drinks. The antifreeze capabilities
of ethylene glycol have made it an important component of verification mixtures
for low-temperature preservation of biological tissues and organs. Minor uses
include capacitors, as a chemical intermediate in the manufacture of 1,4-dioxine,
and as an additive to prevent the growth of algae in liquid cooling systems for
PCs. Ethylene glycol is also used in the manufacture of some vaccines, but it is
not in itself present in those injections. It is used as a minor (1%2%) ingredient
in shoe polish and also in some inks and dyes.

15.4

PP and its composites

PP, a homopolymer polyolefin engineering plastic, provides excellent chemical
resistance and high purity. It has better mechanical properties than other polyolefin
materials. PP is the lightest of all commercial plastics due to its low density, with a
good balance of properties and operates safely at temperatures up to 85 C and has
excellent resistance to many chemicals. It has high surface hardness and superior
abrasion resistance [2226]. PP offers innovative solutions to a number of challenges that face the automotive industry of today. Cost-effective and innovative
design concepts that enhance passenger safety are quite possible using PP. Its low
density (compared to traditional materials) significantly contributes to fuel economy
and reduced material costs. Its excellent noise, vibration, and harshness (NVH)
properties contribute to enhanced passengers comfort. Thus, PP has become the
most important thermoplastic material in an automobile, contributing an average
utilization of about 55 kg per every vehicle produced. The commercial PP homopolymers are usually of the isotactic form, having high molecular weight, semicrystalline solids having melting points in the range of 160165 C and low density,
0.900.91 g/cm3. It has excellent stiffness and tensile strength. PP homopolymers
have moderate impact strength (toughness), low density over a wide temperature
range, excellent mechanical properties, and low electrical conductivity. Propylene,
like ethylene, is produced in large quantities at low cost from the cracking of oil
and other hydrocarbon feedstocks. Low molecular weight resins are used for melt
spun and melt blown fibres and for injection molding applications. PP resins are
used in extrusion and blow molding processes and to make cast, slit, and oriented
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films. Stabilizers are added to PP to protect it from attack by oxygen, ultraviolet
light, and thermal degradation. Other additives are added to improve resin clarity,
flame retardancy, or radiation resistance. PP homopolymers, random copolymers,
and impact copolymers are used in products such as automotive parts and battery
cases, carpeting, electrical insulation, fibre, and fabrics. Among the three types of
PP, the isotactic form is the most prominent and the most widely used [27]. Other
polymers made from propylene are the syndiotactic and atactic forms.

15.4.1 Use of PP and PP composites (including PP-based TPOs)
in automotive
The potential applications of the new improved PP-GF (glass fibre) products include
front-end modules, battery supports, gearshift housing/support, instrumental panel (IP)
carriers, body panel reinforcements, underbody aerodynamic covers, electronic boxes,
pedals and their supports, door panel carriers and door modules, bumper beams, fender
extensions, wheel covers, hub caps, lamp housings, grills, under-the-hood reservoir, and
trim rings for wheels [27]. The products have very good dimensional stability with highimpact resistance. They can be tailored to meet specific battery needs, e.g., extended
heat stabilization resistance and improved stress whitening resistance. Due to the various
types of thermoplastic available, a distinction should be made for the purpose of the subject matter. Other thermoplastics include those of ester and amide based; however,
emphasis will be on the olefinic-based thermoplastics. Generally speaking, any thermoplastic that can be formed into a load-bearing shape that might otherwise be formed
from, for example, steel or wood will be classed as engineering or specialty thermoplastic. In recent research, a hybrid of polyolefin (particularly PP) and metal has been
introduced, with Dow primerless adhesives bringing the two “strange” materials
together. They offer many advantages over traditional materials (ceramics, metals-steel,
and aluminum), including low density, low energy to manufacture, low processing costs,
the ability to make complex shapes relatively easily, and the possibility of recycling.
Polyolefinic primers and adhesives are manufactured by Mitsui Chemicals, particularly UNISTOLE-R, a modified polyolefin dispersed in hydrocarbon-based solvent. It is useful as an adhesive for bonding metals to polyolefins, having an
excellent adhesion to various metals and exceptional heat resistance. Among its
applications are metal coating agent (bonding of metal by extruding PP onto it,
automotive parts) and modifier when added to paints, adhesives, printing inks, since
it improves adhesion to PP. Also the UNISTOLE-P liquid primer is effective in
coating automotive exterior parts made of PP (bumpers, front grills, mud guards)
among other applications. Table 15.3 provides the peel strength of the PP with various Mitsui Unistole adhesives and different metals.
According to Quadrant Plastic Composites [28], an IP carrier that replaces
stamped and welded steel is uniquely a first of its kind for metal/plastic hybrids.
Lyu and Choi [8] reported that insert injection molding is the common practice for
joining thermoplastics with metal while reaction injection molding (RIM) is the
common approach for thermosets/metal hybrid. The resin transfer method can
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Table 15.3 The adhesion potential of PP (peel strength) to different
types of metal

Source: Mitsui Chemicals.

equally be used for thermoset and metal hybrids. Metal/plastic hybrid is a one-piece
design used in several vehicle lines for Ford, Volvo, and Mazda, which encapsulates the steel cross-car beam with compression molded PP glass-mat thermoplastic
(GMT) sheet. Previously, injection molding technique was used to make metal/
plastic hybrids that appeared in auto front ends. The molding integrates the air ducting, airbag support, steering column support, and knee bolster.

15.4.2 Engineering-filled polypropylene
Engineering-filled polypropylene (EFPP) is made from talc-, calcium-carbonate-,
glass-fibre-, and mica-filled PP, resulting in engineering-filled PP offering superior
quality and delivers improved mechanical, chemical, environmental, and electrical
properties. As a consequence of its improved properties, EFPP is used in a variety
of industrial applications such as automotive, home appliances, and industrial components. Its application is based on the replacement of metal, wood, ceramic, and
glass. Its automotive applications include vehicle interior component (pillar, consoles, armrest, etc.), heater housings, air cleaner bodies, and other interior component with improved aesthetics, dashboard components, high flexible bumper with
high impact, high stiffness, and self-supporting bumpers, plug, engine fans, wheel
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house trim, steering wheel covering, one-piece dash boards, cowl linkage cover,
trim panels, radiator headers, engine fan, air cleaner bodies, heater baffles, etc.
Polyolefin-reinforced composites find very useful applications in a number of
diverse sectors, including automotive, because of their performance and economy
value. In the automotive sector, components for the exterior, interior, and underthe-hood made from PP composites are increasingly replacing metal parts with the
attendant weight reduction, improved performance, added aesthetic appearance, and
reliability. PPs, TPOs, and PPs with synthetic elastomers are commonly used [25].
The inadequate stiffness of PP homopolymer (as the neat resin) limits its usage,
in many applications, even though it has good strength, generally. With the addition
of an elastomer to form the TPO, impact strength increases but flexural modulus,
which is a measure of stiffness, is negatively affected [10,2830]. This negative
effect in stiffness can be greatly improved with the addition of very fine or ultrafine
talc to both the homopolymers and the TPOs. TPOs easily find applications in bumper fascia, side still, mudguards, and protective molding.
The finer the talc, the greater the improvement in flexural modulus and the more
of the original impact strength will be maintained. The adjustment in the talc size and
talc and elastomer loadings can yield the desired stiffness and a balance in the impact
strength for a particular application. Typical polyolefins that are usually reinforced
with fillers and fibres are PP in particular and PE, to a lesser extent [3134].
Compounded PP materials of various properties and benefits, made by
Exxonmobil, are used in the PSA Peugeot for door panels and upper and lower trims
for their aesthetic appeal and technical performance. Different automotive parts
using thermoplastic elastomers (TPEs) are in stiff competition with long fibrereinforced PP. It is also possible to use nano-TPE composites. The first natural fibre
external body part for a production car spare wheel pan cover for DaimlerChrysler
utilizes abaca. Abaca is a relative of the banana plant. DaimlerChrysler patented a
compound of PP and 30% chopped abaca fibre for automotive molding.
With the automakers gravitating toward PP-based materials for parts such as IPs,
door panels, fascias, and trims (both internal and external), new generations of PP
and TPOs have been developed at a very rapid pace. Both soft olefinic skins and
rigid substrates for door and IPs were reported by Montell Polyolefins [35]. Fung and
Hardcastle [36] worked on a family of soft TPO skin materials that can be extruded
or calendared, followed by thermoforming, injection molding on a rigid support, or
slush molded. Fig. 15.2 shows detailed parts and components of automotive, where
PP (and fibre-reinforced PP composites) and TPOs are prominently in use.
PP copolymer (thermoplastic) has good impact properties even at low temperatures and slightly increased elongation at break compared with unmodified PP
homopolymer. It however has the disadvantage of low stiffness and strength,
reduced flow properties, and higher mold shrinkage than the unmodified PP homopolymer [25]. It finds applications in automotive battery cases and bumpers.
Colored PP finds applications in areas such as door panel, pillar, trim, and lamp
housing.
PP thermoplastic reinforced with between 10% and 20% glass fibres has excellent impact resistance, good stiffness balance, and relatively low cost of production,
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and it is useful for the manufacture of automotive interiors and exteriors, including
the dashboard, bumpers, and some exterior trims. It has low density and good
chemical resistance. The 30%40% glass-fibre-reinforced PP has relatively low
production cost, with excellent processability. It has good impact resistance and
excellent stiffness, balance useful for the automotive interior parts including dashboard and exterior parts, including the bumpers system and other exterior trims.
The 20% glass-fibre-reinforced PP has better tensile strength, flexural modulus,
heat of distortion temperature, and better dimensional stability than unmodified PP.
However, it has the disadvantage of slight reduction in tensile strength and notched
impact strength when compared with the unmodified PP copolymer. It has uses in
car bumpers, spoilers, and side protective strips.
The 30% coupled glass-fibre-reinforced PP has significantly improved stiffness,
strength, hardness, and heat of deflection temperature in addition to good dimensional
stability and reduced creep when compared with unmodified PP [37]. In addition,
coupled fibres yield greater stiffness and strength when compared to the uncoupled system. It however has the disadvantage of being relatively more expensive with significantly reduced elongation at break if compared with unmodified PP. Its applications in
the automotive sector include fan blades, head lamp housing, and belt covers.
Between 10% and 40% mineral-filled PP has similar properties and applications
as the 10%20% glass-fibre-reinforced PP, including film skins and textile covers.
Impact modified PP and PP talc-filled by as much as 10%40% have similar characteristics and applications as the 10%40% glass-fibre-filled PP. The 20% talc-filled
PP system has good stiffness and hardness, good dimensional stability, and reduced
creep compared with unmodified PP. It has improved melt flow properties when
compared with material of the same calcium carbonate loading. However, the modification causes embrittlement, poor surface appearance, and low elongation at break
compared when with unmodified PP. Its applications include automotive under bonnet, e.g., cooling fans, housing for electrical systems, air ducting, facia panels, cooling system expansion tanks, fan mountings, belt covers and headlight housing.
Talc-filled PP finds useful applications in components such as console box,
glove box, air cleaner, heater housing, radiator grill, and column cover. The PP
thermoplastic with 40% talc loading has improved stiffness, dimensional stability,
and reduced creep when compared with the 20% talc-filled PP. It however has a
slightly reduced tensile strength and elongation at break along with increased specific gravity when compared with the 20% talc-filled PP. Its uses in the automotive
sector is mainly in the under bonnet applications.
UV-stabilized and modified PP thermoplastic elastomer has good lowtemperature impact strength and UV resistance when compared with unmodified
PP. The main disadvantage is that it has reduced stiffness and it is relatively more
expensive than unmodified PP. In the automotive sector, it is used mainly for car
fascias.
The 40% glass content in the BMW’s underbody shield comprises four parts [38].
The composite sheet is laminated with unreinforced PP skins on both sides that
increase impact, abrasion, and moisture resistance. The assembly replaces a
conventional GMT version and this system provides a 30% or 4 kg weight saving.
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It also provides superior sound damping and reduced drag coefficient. Underbody
shield components are made in cycles of less than 1 minute, using a family mold
with cavities for all four parts of the assembly. Blanks of 2.00 m 3 1.854 m were
fed to the family mold, which incorporates a mechanism for cutting attachment
holes into parts during forming.
A lightweight version of glass-reinforced PP sheet by Azdel [39] has shown
great potentials in a host of new automotive applications. It has gained prominence
in interior headliners, parcel shelves, and sunshades. Azdel SuperLite sheet has
been used in door panels, IPs, upper and lower A and B pillars, console skirts, and
other soft trim for a Ford Motor Co. In exterior panels, the material has made
inroads in Class A hoods and hatchback gates.
Analogous to paper making, Azdel SuperLite is made in a slurry process.
It entangles between 42% and 55% chopped long glass fibres in an aerated PP matrix,
reducing density to 0.30.8 g/cm3 and the basis weight to between 600 and
2000 kg/m2, depending on the glass fibre content and sheet thickness. In comparison, classic Azdel GMT made with chopped or continuous glass mat has a density
of between 1.17 and 1.29 g/cm3 and basis weight of between 4400 and 5470 kg/m2
at comparable glass content. The material has a high stiffness-to-weight ratio, good
impact resistance over a wide temperature range, excellent sound damping properties, and outstanding creep resistance. The coefficient of thermal expansion is lower
than that of aluminum and close to that of steel.
UV-stabilized PP thermoplastic copolymer is better able to cope with prolonged
outdoor exposure when compared with the unmodified PP copolymer, but it has a
slightly reduced tensile strength and notched impact strength when compared with
the unmodified PP copolymer. In the automotive sector, it is used for the manufacture of bumpers, spoilers, and side protective strips.

15.5

Polyolefin-based nanocomposites

Traditionally, automotive and appliance applications employ glass or mineral-filled
systems with loading levels ranging from 15% to 50% by weight. This approach
improves most mechanical properties, dimensional and thermal stability [34].
However, there are two main drawbacks: the ease of processing polyolefins
becomes highly compromised with high filler loading and this inevitably leads to
heavier products. Polymer nanocomposites have huge potential, offering a number
of significant advantages over traditional polymer composites [4044]. Polyolefin
nanocomposites are notable for their improved mechanical properties, such as tensile strength and modulus and for their dimensional stability. They also demonstrate
enhanced barrier to gas permeation, particularly oxygen. In addition to packaging
applications, polyolefin nanocomposites are of particular interest for the automotive
sector and industrial applications where wall down gauging is desirable. A large
volume of articles and information are available in literature on the immense research
activities on polymer nanocomposites [4554].
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Noble Polymers reported a new PP nanocomposite (known as Forte) compound
is available as a cost-effective alternative to more highly filled traditional materials,
such as glass-reinforced PP used in automotive applications [55]. Forte made its
commercial debut in the seatbacks of Acura 2004 passenger cars following several
months of development by Noble Polymers with Cascade. It is believed to offer
low-density (0.930 g/cm3), superior mechanical properties, and improved surface
quality. Working with Acura, Cascade found that the originally specified glassfilled PP was causing processing problems, visual defects, and warping. Forte was
developed as a replacement. In test report by Noble, Cascade, and Acura, Forte
compounds consistently improved the strength and reduced the weight and cost of
parts, Noble reports. Improved recyclability is also said to result.
Attempts at addressing the shortcomings of polyolefins for both packaging and engineered applications lead to the emerging field of polymer-layered nanocomposites. This
is so since it does have very favorable cost, processing, and weight profiles. Polymerlayered silicate nanocomposites are plastics containing low levels of dispersed platelet
minerals with at least one dimension in the nanometer range. The most common mineral
is montmorillonite clay. Its aspect ratio can be as high as 340, thus giving rise to
enhanced barrier and mechanical properties. Generally, every 1 wt% of nanoclay loaded
into a polymer creates a about 10% property improvement. Their interaction with resin
molecules alters the morphology and crystallinity of the matrix polymer, leading to
improved processability in addition to the benefits to barrier, strength, and stability.
Among the polymers being studied, polyolefin nanocomposites have attracted
significant research interest. Nanocomposite research activities are mainly focused
on the use of chemically modified montmorillonite. Improved gas barrier and
mechanical properties are easily achievable for different grades of polymers at low
nanoclay loading (typically 16 wt%) [5660]. The automotive-driven developments of PP and TPO nanocomposites are the highly researched areas that have
commanded a lot of interest recently, both by the industry and by the academia.
PP being a strongly nonpolar resin, it has been very tasking to come up with an
appropriate surface treatment for the clay. However, toward the close of 1998,
Montell, General Motors, and Southern Clay jointly announced the first TPO-based
nanocomposite [61]. The initial direction was to test TPOs for exterior door and
rear quarter panels, even though the partners also focused on testing several nanocomposites for both exterior and interior applications. Both melt compounding and
Catalloy in-reactor TPOs are possible routes to producing nanocomposites, the later
route was commenced in order to simplify the overall compounding process. TPO
nanocomposites, with specific gravity as low as 0.91, have been produced with better
dimensional stability than unfilled TPOs and comparable to talc-filled grades (with a
coefficient of linear thermal expansion, CLTE, of B5 3 1025 mm/mm/ C).
Preliminary PP/nanoclay compounds could only achieve between 10% and 15%
exfoliation of the layered clay particles; however greater exfoliation and thus
enhanced property are now achievable, with constant everyday developments in this
field. These TPO nanocomposites have high flexural moduli and at 8 km/h impact
test, the TPO remains ductile down to 230 C. As a result of the low filler loading,
the nanocomposite was reported to have improved surface appearance. Other
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automotive applications of PP-based (including TPOs, impact-modified PP, and PP
alloys) include interior trim (IPs, A and B pillars, door panels, and consoles).
However, initially, the main problem was how to maximize coupling between the
silicate and the polymer matrix. With surface treated synthetic clays, this challenge
may not be too difficult and with natural clays, a surface treatment plus a compatibilizer are always needed, which will enhance good stiffness and impact balance.
General Motors used a PP/clay nanocomposite to fabricate the step-assist for two
of its 2002 midsize vans and this signaled the beginning of the commercialization of
polymer nanocomposite technology for automotive applications [62]. It was the first
commercial automotive exterior application for a polymer nanocomposite based on a
“commodity” plastic, such as PP, PE, or PS/ABS (acrylonitrilebutadienestyrene).
Nanocomposites can achieve the same properties, such as increased tensile
strength, improved heat deflection temperature, and flame retardance, with typically
35 wt% of the filler [44,54], producing materials of lower density and higher processability than traditional reinforcements. Conventionally filled resins at any loading cannot duplicate other properties of nanocomposites such as optical clarity and
improved barrier properties.

15.5.1 PP nanocomposite application in automotive
A TPO material with as little as 2.5% inorganic nanofiller are as stiff as those with
10 times the amount of conventional talc filler, while being much lighter; weight
savings can reach 20% depending on the part and the material that is being replaced
by the TPO nanocomposite [63]. The nanocomposite material will also be more
recyclable as there is less additive in the plastic mix. Though weight for weight,
the nanoclay filler is currently more expensive than conventional mineral fillers, the
cost of the nanocomposites on a volume basis is similar to conventional TPOs
because less material is needed to manufacture them. As the step-assist is a drop-in
replacement, no new tooling is required to mold the parts, improving their costeffectiveness, coupled with the low volume part involved.

15.6

Foamable and expandable polyolefins

Stein [64] reviewed the history of and developments in double-sided foam tapes. In
addition to discussing the applications of these tapes in markets such as automotive
and other industrial sector, the manufacture of the tapes was considered, together
with the materials and adhesives used, including PE and EVA closed-cell foams
and acrylic adhesives.
There are many types of molded foam used in automotive applications. Their
uses are dictated by a number of important factors that include:
1. Flexibility of design: Thinner profiles and smaller shapes for excellence and reliability in
impact, protection, and styling are important. As a result, energy management doesn’t
necessarily mean or require large and bulky materials.
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2. Economic consideration: Scrap content can be between 6% and l2% with little or no
changes in properties, therefore expanded polymeric foams are readily and easily
reclaimed during the manufacturing processes of parts.
3. Weight reduction: With increasing drive for lightweight parts in the automotive industry,
lower density expanded plastic foams are the material of choice for rigid chassis replacement. Expanded PP by foam fabricators is believed to offer equivalent impact strength
and toughness with a corresponding 10%40% less weight than other classical chassis
materials; hence it offers comparable impact strength with less excess weight [65].
4. Chemical, heat resistance, and resilience: Expanded PP-based parts resist many common
solvents and chemicals such as oils, gasoline and diesel fuels, and antifreezes. They also
can withstand high temperatures up to 110 C without warpage or changes in dimension.
They have excellent resiliency to absorb multiple impacts without loss of cushioning
properties.
5. Versatility: Because of the small bead sizes, you can mold intricate-shaped parts with
smoother surfaces and thinner wall cross sections. Molded with a textured PP surface (or
shell) and a resilient EPP foam core, expanded PP can be molded as planks, blocks and
shapes, or profiles. With variable bead sizes intricate-shaped parts with smoother surfaces
and thinner wall cross sections can be molded with ease.
6. Recyclability: Because EPP parts are compatible with other olefinic component parts such
as molded PP, automotive interior and exterior enclosures and panels, and TPO fascias
and cladding, most parts can easily be recycled without the usual costly separation
techniques.

15.6.1 Use of foamable and expandable polyolefins
in automotive
The demand of PE and PP foams has grown in recent years, prompting the sharp
increase in PE and PP foam production plants. EPP has already been established in
the automotive sector. In applications such as bumper cores, side-impact panels,
headrests, sun visors, head and knee cushions, and IPs. EPP combines an excellent
energy absorbing characteristic with the requirement of full recyclability, chemical
resistance, temperature, and exceptional structural stability [66]. In the last two decades, some strategic developments in EPP have dramatically enhanced its performance. For instance, the more flexible extrusion process allows the production of
colored foam beads for molded parts, in sharp contrast to the conventional autoclave batch process. Such parts exhibit higher temperature resistance and less
squeaking problems that make them more cost effective. In addition, a new tool surface technology and the back foaming process, known as skin molding, have significantly improved the surface properties with the new composite structure having
increased EA characteristic.
EPP has grown as a strategic material for PP auto parts in applications ranging
from the bumper beams and moving into more complex dashboard components.
These all-PP parts can be recycled easily, so they become a cost-effective and competitive replacement for the traditional polyurethane and other materials.
A video demonstration of the molding of an automotive part in which solid PP
shells were robotically loaded into the female half of a six-cavity EPP mold, during
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which time the metal fittings were inserted with a fixture into the male half, was
reportedly shown by Erlenbach Maschinen of Germany at the K-2004 [67].
Following the closure of the molds, the EPP beads were blown in and expanded.
The part produced in Portugal provides knee protection from the steering column
and had a little over 1 minute cycle time. The line needs only one operator to load
the metal parts into the robot frame at the beginning of the line and look over finished parts as they de-mold automatically. The EPP machine dated back to the early
1990s, but the robotics and controls for the complex process were developed only
recently.
Figs. 15.3 and 15.4 show the different automotive parts where foams (and in particular, foams made of polyolefins) are useful [68].
Cross-linked polyolefin foams are the fastest growing segment in the automotive
and transport sectors and find significant importance in the soft trim applications.
In combination with TPO or textile, such foams can be used in applications areas
such as dashboards, sun visors, door panels, pillars, consoles, and headliners. Such
closed-cell and technically reflective foams are frequently used in acoustic applications such as water shields and in encapsulating covers for motors or mechanical
devices. Cross-linked foam component of engineered laminates provides the 3D
shape, making it to act as a decoupler and as moisture, dust and air infiltration barrier. As a result of their lightweights and ease of installation within a vehicle, these
foams are useful for functional and decorative parts. They find applications in

Figure 15.3 Major automotive parts needing foams (e.g., EPP; olefinic-based foam).
Source: Foamfabricators.
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Figure 15.4 Foams applications in automotive.
Source: Eller R. Polyolefin foam challenging polyurethane in auto interiors and introducing
new textilefoam combinations. Robert Eller Associates, Inc. Press Release; 2003.

decorative covers for trunks or boot liners, under seat covers for front and rear seats
and for soft interior components. For air duct applications, they deliver value in air
noise reduction, vibration damping (since noise is a very disturbing distraction as
buzzes, squeaks, and rattles (BSRs) limit comfort), and thermal insulation.
A cost-effective, but simple method of producing decorative and lightweightshaped parts, made from PP was achieved, in combination of PP-based TPO skinand-foam backing of cross-linked polypropylene, XPP (foamed sheet) [70]. By
direct or indirect lamination of the TPO skin onto the XPP that can be thermoformed in a subsequent step or inline directly after the lamination process, a semifinished product, shown in Fig. 15.5, is achieved. In this way, decorative parts such
as sun visors, door trims, and pillar can be produced more economically.
Squeaking caused by sliding friction between two EPP or EPS parts or between
foamed parts and other surfaces is a cause for concern in automotive interior
applications. Squeak effect can be eliminated permanently with extruded bead and
autoclave foam using a new surface technology that specifically lowers the frequency of the stick slip effect in an inaudible range. Coupled with this, the low
increase in slip force amplitude with growing friction distance yields a permanent
antisqueak effect.
Dow Automotive reported a 94% efficiency (compared to 50% each for EPP and
PU foams) in its STRADFOAM PP foam whose extruded stands were fused into a
honeycomb foam structure that is responsible for the material’s unique energy management properties. The material compresses, buckles, and ultimately fractures during impact, unlike other countermeasures that compress to manage energy. The
high-efficiency, square wave response exhibited by the material provides
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Figure 15.5 PP mono-material composite with TPO skin.
Source: Maik Ziegler, Fagerdala Deutschland GmbH.

significantly lower head injury criteria results when compared with competitive products in the same packaging space. It shows excellent BSR performance and it is
completely recyclable. It can be produced in a variety of densities and it is easy to
be cut, shaped, and thermoformed for specific EA applications in automotive headliners, steering column covers, knee bolsters, ankle bolsters, bumper systems, and
interior trim.
Pressed-formed or die cut polyolefin foams by Sekisui Alveo can be used for
lamp gaskets, load speaker gaskets, and gap fillers. The sheets of foam are die cut
into gaskets to seal against air, moisture, dust, and also to protect against temperature and noise [71]. Foam gaskets facilitate the mountings of parts on uneven surfaces. The numerous characteristics include:
1. Low density with excellent physical properties, resulting in weight saving
2. Very fine and regular closed-cell structure, hence no water absorption and having excellent press molding properties
3. Good chemical resistance, thereby eliminating deterioration of the gaskets due to engine
fluids
4. Good thermal stability, resulting in low shrinkage at elevated temperatures
5. Excellent mechanical properties that allows favorable manufacturing and production
processes.

Heavy layer type foams find applications in automotive acoustics and water shields.
The combination of good pliability, workability polyolefin foams, and their outstanding noise damping and insulation characteristics make them foams of choice in the
automotive industry. Heavy layer polyolefin foams have the following properties:
1. Physically cross-linked, making them easy to convert, hence many design possibilities
2. Environmentally friendly with very little emissions
3. Dimensionally stable, making them easy to work with and assembly as a result of their
stiffness
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4. Ability to form soft foam character thereby allowing shapes to adapt to fit and levels
unevenness
5. Closed-cell structure, hence very little water absorption
6. Good flame retardancy
7. Good temperature stability resulting in very low shrinkage
8. Low thermal conduction, resulting in excellent thermal insulation
9. Good elasticity at low temperatures, resulting in very low squeaking and rattling [72].

15.7

Sun visors

BASF’s Neopolen P expandable PP foam family includes colored grades, smooth,
light, and low-cost versions [73]. The 9235 grade was developed for making vehicle
sun visors. A very smooth surface on the molded parts is produced as a result of the
homogeneity in the expansion of the foam beads and as sun visors, the surface is covered with very thin film. The surface quality of the foam is of utmost importance.

15.8

EPRs—ethylene propylene diene and ethylene
propylene copolymers

EPRs and elastomers (also called ethylenepropylene diene rubber (EPDM) and
ethylene propylene copolymer (EPM)) continue to be one of the most widely used
and fastest growing synthetic rubbers. They have both specialty and generalpurpose applications. Polymerization and catalyst technologies in use today provide
the ability to design polymers to meet specific and demanding application and processing needs. Therefore, versatility in polymer design and performance has
resulted in broad usage in automotive weather-stripping and seals, glass-run channel, radiator, garden and appliance hose, tubing, belts, electrical insulation, roofing
membrane, rubber mechanical goods, plastic impact modification, thermoplastic
vulcanizates (TPVs), and motor oil additive applications. EPRs are valuable for
their excellent resistance to heat, oxidation, ozone, and weather aging due to their
stable, saturated polymer backbone structure. Properly pigmented black and nonblack compounds are color stable. As nonpolar elastomers, they have good electrical resistivity, as well as resistance to polar solvents, such as water, acids, alkalis,
phosphate esters, and many ketones and alcohols. Amorphous or low crystalline
grades have excellent low-temperature flexibility with glass transition points of
about 260 C. Heat aging resistance up to 130 C can be obtained with properly
selected sulfur acceleration systems and heat resistance at 160 C can be obtained
with peroxide cured compounds. Compression set resistance is good, particularly at
high temperatures, if sulfur donor or peroxide cure systems are used. These polymers respond well to high filler and plasticizer loading, providing economical compounds. They can develop high tensile and tear properties, excellent abrasion
resistance, as well as improved oil swell resistance and flame retardance.
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15.8.1 Use of EPDM and EPM in automotive
The modern car design, with its sleek and rounded shape, requires very complex
sealing profiles. The production of these seals represents an increasing challenge. In
its quest to tackle the challenge, ExxonMobil Chemical developed a new generation
of Vistalon EPDM—the bimodal grades or tailored products, which meets the stringent requirements of the rubber industry for automotive sealing profiles and hoses.
EPDM finds uses in the automotive, weather strip, hose, and belt. ExxonMobil
Vistalon EPM copolymers and EPDM terpolymers are available in the markets
worldwide. Vistalon EPDM polymers have outstanding weather resistance, excellent physical properties, and even at very high filler loadings, good processability,
and good chemical and electrical properties; these materials easily display these
features. The unique properties of Vistalon rubber benefit a broad range of applications. They find application in the automotive industry especially for compact and
expanded door and window profiles, radiator sleeves, pipes, sound absorbing
panels, and gaskets. In the construction industry, they are useful in window profiles
and weatherproofing sheets. In the electrical insulation sector, EPDM materials are
very useful in low-, medium-, and high-tension electrical wiring insulation and filling. They also find applications in household appliances such as gaskets for washing machine windows, extruded and molded gaskets, pipes, and air valves. For
technical articles such as transporter belts, printing rollers, and plates diverse
printed materials, these materials find useful applications, in addition to their uses
as polyolefin modifiers and lubricant modifiers.
Fully cross-linked EPDM/PP (NexPrene 9065A) compound by Solvay is
designed to replace thermoset elastomers such as EPDM, polychloroprene, and the
traditional TPVs. It combines both the performance of vulcanized rubber with
the ease and advantage of low-cost thermoplastic processing possibilities. It easily
finds applications in products and components requiring flexibility and hence in
automotive. Another TPE, fully cross-linked EPDM/PP (NexPrene 9064A UV-CM)
compound, also by Solvay, is designed for corner molding and over-molding applications. It is easily injection molded and is fully bondable to TPV and EPDM.
Processing of these materials at temperatures in the region 260 C is quite possible
as a result of their high thermal stability. They are easily recyclable, just like
the other polyolefins, easy to color, and are weatherable. Also, this product finds
uses in other molding applications requiring flexibility such as the automotive
weather seal.

15.9

Other poly(α-olefins)

Poly(1-butene) is a tough and flexible resin that has been used in the manufacture
of film and pipe. Poly(4-methyl-1-pentene) is used in the manufacture of chemical
and medical equipment. High molecular weight polyisobutylenes are rubbery solids
that are used as sealants, inner tubes, and tubeless tire liners. Low molecular weight
polyisobutylenes are used in formulations for caulking, sealants, and lubricants.
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Butadiene and isoprene can be polymerized to give a number of polymer structures.
The commercially important forms of polybutadiene and polyisoprene are similar in
structure to natural rubber.

15.10

Cyclo-olefin copolymers: properties
and applications

Cyclo-olefin copolymers are engineering thermoplastics derived from the ringshaped norbornene molecule, which is in turn made from dicyclopentadiene and
ethylene [74]. Cyclo-olefins exhibit a glass-like transparency and high light transmittance with low dielectric loss. It has low water absorption and low outgassing. It
has excellent dimensional stability and high heat resistance. Cyclo-olefines display
very good chemical resistance and they have hydrophobic properties with high melt
flow rates allowing precise molding and much lower density than glass. The various
uses of cyclo-olefins include automotive and industrial parts. Other applications
include lenses, compact disks, laptop computer screens, light guide panels, barrier
sheets in medical applications, packaging, and contact lenses. Ticona and TOPAS
Advanced Polymer [75] developed a new polymer alloy by blending a special long
glass-fibre-reinforced PP material with TOPAS cyclic olefin polymer. The new
alloy is believed to offer significantly lower warpage and much better surface properties than conventional long fibre reinforcing materials and it is targeted particularly at the automotive sector for applications such as sunroofs, door modules, and
underbody covers. They are also being studied as a blending ingredient to stiffen
polyolefin films.

15.10.1 Polyolefin elastomers: properties and applications
Polyolefin elastomers (POEs) are a relatively new class of polymers that emerged
with recent advances in metallocene polymerization catalysts [76]. POEs represent
one of the fastest growing synthetic polymers and they can be substituted for a
number of generic polymers including EPR (or EPDM), EVA, styrene-block copolymers, and PVC. POEs are compatible with most olefinic materials. They are
excellent impact modifiers for plastics and they offer unique performance capabilities for compounded products. POEs have proven their viability in flexible plastics
applications and use in a variety of industries. Further advances in application
development, product design, and manufacturing capabilities will provide increasing opportunities for the future. POEs have emerged as a leading material for the
automotive exterior and interior applications. Such applications come primarily in
TPOs via impact modification of PP wire and cable, extruded and molded goods,
film applications, medical goods, adhesives, footwear, and foams.
POEs based on metallocene technology have achieved success as rubber modifiers in TPO compounds. However, applications where POEs are used on their own
as TPEs are not very common.
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Chlorinated PE and chlorosulfonated PE

Chlorosulfonated PE has proved to be an attractive cost-efficient alternative to
HNBR, as reported by the Development Division of Renault S.A. It is providing an
excellent solution to the pressing need for cost reduction, while maintaining longterm belt durability. Timing belts of Acsium have been specified for Renault’s D7F
1.2 (1200 cc) engine which is standard equipment in new engines for both the Clio
and Twingo ranges. The material demonstrates outstanding flex, abrasion, and
ozone resistance over a broad temperature range. It also performs well in fatigue
tests up to 120 C, offering temperature resistance comparable with competitive
material at lower cost.
In modern automotive fuel system, filler neck hoses, which must provide flexible
connection between the filler pipe and the fuel tank, are key components. In addition, they must be strong enough to withstand significant crash impact without fracture and fuel leakage, while providing impermeable barrier to evaporations of fuel.
Previously, the usual practice was to directly weld a plastic filler pipe onto a fuel
tank. On impact, the pipe can easily detach. A better way of manufacturing filler
neck hoses that provides flexibility with impressive durability and fuel permeation
resistance is the injection molding of filler neck hose components, bonded to ethylene acrylic elastomers. Injection molding allows a variety of diameters in hose ends
and ribs and locating marks that are designed onto the outer surface for secure
clamping and excellent assembly (unlike featureless extrusion molded hoses).

15.12

Thermoplastic elastomers

The automotive industry was introduced to TPEs some 50 or 55 years ago. Since
then, they have become a worldwide major class of elastomeric materials
suitable for use in motor vehicles. The specially developed and engineered higher
performance TPEs have yielded a material capable of replacing thermoset rubber in
a wide variety of automotive applications. They easily find applications in the automotive under-the-bonnet in three main areas: sealing, heat resistance, and fluid
resistance. POEs are class of TPEs witnessing a wider use in automotive applications that include front and rear bumper fascias and IPs [77]. The growth of TPEs
within the automotive market has been the result of new product development by
TPE suppliers along with the combined efforts of the TPE suppliers, original equipment manufacturers (OEMs), and their suppliers to commercialize a broader base
of applications using TPEs. The impetus for this growth has been the desire of the
stakeholders (consumers, designers, material scientists, and engineers) and the necessary legislative concerns for the automotive sector, to reduce cost, stiff environmental regulations, safety, and improve product performance. TPEs are attractive as
thermoset replacements because of their shorter processing times, full recyclability,
and lightweight consideration in an increasing industry that strives for weight
reduction and yet not compromising performance and comfort.
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TPEs and TPVs, based on cutting-edge olefin resin technology, are increasingly
supporting the global automotive industry by providing PP compounded materials
for a wide range of automotive components for today’s new generation of cars.
TPEs are a class of polymers that, within their design limits, behave like thermoset
rubber but that, above their melt or softening temperatures, are melt processable
via thermoplastic processing methods and unlike thermoset rubber, can be easily
reprocessed and remolded. The ability to process these materials with thermoplastic
methods allows for design and fabrication freedom that thermoset rubber does
not offer.
TPEs provide functional performance and properties similar to the conventional
thermoset rubber products, but can be processed with the speed, efficiency, and
economy of thermoplastics [78]. TPEs are used in a variety of applications, including automotive.
Even though TPEs behave like thermosets, within their design limits, they are
nevertheless melt processable above their softening temperatures, through thermoplastic processing techniques. This ability to process them via thermoplastic processing routes allows the degree of freedom in design and fabrication impossible with
thermoset rubbers. Like most thermoplastics, they also have both crystalline and
amorphous regimes. While some are blends or alloys of crystalline and amorphous
polymers, others are block copolymers comprised of blocks of crystalline and amorphous domains along the same polymer chain. The crystalline domains of TPEs
behave as cross-links that enable the typical thermoplastic characteristics and the
amorphous domains confer them with their elastomeric character. Typically, the
crystalline domains are referred to as the “hard” phase and the elastomeric domains
are the “soft” phase.
Even though both phases contribute to the overall physical and mechanical properties of a TPE, there exist some key properties that are peculiar to one phase or the
other. Thus the selection and design of a TPE product are fairly well guided.
Virtually all commercial TPEs are phase-separated systems, in which one phase is
hard at room temperature, while another phase is soft and elastomeric. The hard
phase gives TPEs their strength and when melted in a thermoplastic machine, their
processability. The soft phase gives TPEs their elasticity and rubber performance.
Hence, TPEs can be classified into block copolymers and elastomeric alloys.
TPE technologies have been classified by their related industry on a cost vs performance basis, which seems to be a convenient method of classifying materials.
However, it can be misleading because performance should naturally be defined by
the requirements of the application and not necessarily a set standard property. It is
so because the performance vs price curve will always vary, depending upon the
performance criterion of interest.
In recent times, there has been an increasing use of TPEs, ranging from the
breakthroughs in automotive TPV weather seals to the proven consumer grip applications to the rugged performance in industrial applications [7981]. TPEs bridge
the gap between thermoplastics and the thermoset rubbers, and find their most
important applications in the automotive market segment. Various engineering
applications, such as blow molded rack and pinion boots, air ducts and injection

Automotive components composed of polyolefins

477

molded seals and gaskets, plugs and grommets, and car body sealing systems
(weather seals), are ideally well suited to be designed around and manufactured
with high-performance TPEs.
The use of TPEs instead of the traditional thermoset rubber is highly favored
when the new requirements of the automotive industry OEMs, such as weight
reduction, system cost reduction, design flexibility, ability to color, aesthetics, and
recyclability are now very critical. In some instances, TPEs are more expensive raw
materials when compared to the traditional thermoset rubber compounds, however,
finished parts or integrated systems with TPE as sealing component offer cost saving potentials because of the more economical and easily affordable thermoplastic
processing technologies that are available. Enormous savings are realizable as a
result of lower part weight, shorter cycle time in processing, lower energy usage,
less scrap, recyclability of scrap, and design system and flexibility. In addition to
all of these benefits, TPEs are environmentally friendly materials. These rubber-like
articles are easily produced because of the ability of TPEs to become fluid when heated
repeatedly and then solidify following cooling. This feature gives the manufacturers
the ability to produce TPE articles with relative ease, on conventional thermoplastic
machines. The recyclability of TPEs is a great advantage to the manufacturers, in that
the scrap can usually be reground and recycled, using fast processing thermoplastic
equipment by feeding free flowing pellets, short cycle times, low scrap rates, high automation, and lower labor cost. In the case of thermoset rubber replacement, the part is
redesigned to leverage and maximize the physical properties and processing characteristics of TPEs. In the marketplace, many different families of TPEs are known and
they may be better classified according to their chemistry.
The dispersion of fully cross-linked EPDM in a PP matrix yields the most important TPE, called TPV. This cross-linking of the rubber phase in PP is usually done
by dynamic vulcanization. A good dispersion of the elastomeric phase in the hard
PP phase results in a significant balance of the rubber-like properties and desirable
thermoplastic processing characteristics. Products based on fully cross-linked
EPDM, also known as EPDM-X 1 pp (TPE-V, TPV, EA), are the closest to replacing classical thermoset rubber applications in the automotive industry in areas like
the highly demanding weatherseals applications.
The families of TPE can be broadly divided into five groups [82]. They are:
1. The olefinic family, having its close members as thermoplastic polyolefins (TPOs) and
TPV. The TPV submember further has in its fold the partially cross-linked, the fully
cross-linked, the recyclable-based TPV, and the engineering thermoplastic vulcanizates
(ETPVs).
2. The stryrenic family has, as its members, hydrogenated stryreneethylenebutadiene
styrene (SEBS) and SEPS and the isoprene-based.
3. The PVC family has in its fold an all-PVC TPEs and PVC with it alloys.
4. The engineering TPEs family, which has in its group the thermoplastic polyurethane,
copolyester (COPE), which is polyester-based and copolyamide (COPA) which is
polyamide-based.
5. There is the super TPV which has silicone-based, acrylate-based, and the styreneic-based
TPV [83].
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Attention will be focused on the olefinic TPE family and their applications in
automotive and in particular the olefinic-based TPEs (i.e., TPOs).

15.12.1 Thermoplastic olefins
TPO is a trade name that refers to polymer-filler blends, usually consisting of some
fraction of PP, PE, block copolymer polypropylene (BCPP), and rubber and reinforcing filler. Essentially, one of the definitions found in literature indicates that TPO
is equivalent to TPO elastomer. In its relatively short advent into automotive applications, quite a number of publications and information on TPOs are available
[2930,35,8486].
Common fillers include talc, fibreglass, carbon, wollastonite, and metal oxy sulfate, while the common rubbers used are EPR, EPDM, ethyleneoctene, ethylenebutadiene and SEBS. There are a wide variety of commercially available
rubbers and BCPPs produced using the region- and stereo-selective catalysts and
these are known as metallocenes catalysts. The metallocene catalyst becomes
embedded in the polymer and cannot be recovered. The geometry of the metallocene catalyst determines the sequence of chirality in the chain, such as: in atactic,
syndiotactic, and isotactic and it also determines the average block length, molecular weight, and the molecular weight distribution. These characteristics will in turn
govern the microstructure of the blend. The components are blended together at
temperatures between 200 C and 280 C under high stress. A twin-screw extruder
may be employed to achieve a continuous stream or a Banbury compounder may be
employed for batch production. A higher degree and dispersion is achieved in the
batch process, but the superheat batch must immediately be processed through an
extruder to be pelletized into transportable intermediate. Thus, batch production
essentially adds an additional cost step. As in metal alloys, the properties of a TPO
product depend on the controlling of size and size distribution and of a
microstructure.
PP and PE form a crystalline structure called spherulite. Unlike metals, a spherulite
cannot be described in terms of a lattice or unit cell, but rather as a set of polymer
chains that pack down closely next to one another and form a dense core. The PP and
PE components of a blend constitute the crystalline phase and the rubber provides the
amorphous phase. If PP and PE are the dominant components of a TPO blend, then the
rubber fraction will be dispersed into a continuous matrix of crystalline PP.
If the fraction of rubber is higher than 40%, a phase inversion may be possible
when the blend cools, resulting in an amorphous continuous phase and a crystalline
dispersed phase. This type of material is nonrigid and it is sometimes called thermoplastic rubber (TPR). To increase the rigidity of a TPO blend, fillers exploit a
surface tension phenomenon. By selecting filler with a high surface area per weight,
high flexural modulus can be achieved. TPO blends have densities of between 0.92
and 1.10 g/cm3. It is frequently found in outdoor applications because it does not
degrade easily under solar UV radiation, which is a common problem with the
nylons. TPO is used extensively in the automotive industry, employing injection
molding, profile extrusion, and thermoforming processes in its production of
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automotive components and parts. Usually, TPOs cannot be blown, neither can it
sustain a film thickness less than 1/4 inch (0.635 cm).
The advent of TPOs into new interior and exterior automotive applications has,
over a short period, become a reality. Typical examples of their applications include
the new platable TPOs, designed to replace the conventional engineering thermoplastics, the improved soft-skin grades that can outperform flexible PVC, and an
additive that reportedly provides unprecedented mar and scratch resistance [84].
The family of TPOs, that could replace engineering thermoplastics, especially in
the metal-plated decorative parts, ranging from IP bezel trim to claddings and
grilles, was developed by Solvay Engineered Polymers. Specifically designed for
electrochemical metallization, the new TPOs have, in their composition, unsaturated
olefins that can be oxidized by acid etching—the most crucial step for preparing a
molded part for metallization.
In addition, Solvay has also developed a new colorable TPO for hard IPs. This
integrates the passenger-side airbag module into the IP to achieve a seamless or hidden appearance. General Motors has used this material in the IP covers, glove box
doors, and knee bolsters of the 2005 Chevrolet Colorado and GMC Canyon. These
pickup trucks are GM’s first vehicles with all-TPO IPs. New Sequel 2380 is said to
provide the required balance of stiffness and low temperature impact, along with
excellent surface durability and moldability. This TPO can combine the properties
of an IP material with those of an airbag cover. It has flexural modulus of
1600 MPa, which is closer to that of a typical IP TPO (2100 MPa) to provide the
necessary stiffness and dimensional stability. It also has high-speed ductility
at 230 C, similar to a typical airbag-cover TPO.
Essentially, TPOs are one of the family members of the TPEs and they are composite organic/inorganic formulations that consist of a number of compounds.
These compounds are PP, in its various crystalline forms, EPR, and ethylenebutylene rubber elastomers and talc. TPOs combine the benefits of reactorproduced TPOs with the customization and consistency of melt compounded
TPOs. Some TPOs can suitably be used to replace higher cost engineering thermoplastics, such as nylon, polycarbonate, ABS and PBT. They can also be used as a
low-cost alternative to steel, aluminum, wood, or composites. TPOs can be used in
sheet and profile extrusion, injection molding, and film applications. Dual-reactor
process can be employed for the polymerization of TPOs. The process incorporates
the EPR on a molecular level, to give an excellent balance of key properties such
as impact strength and stiffness. Following the completion of polymerization,
TPOs are then compounded with fillers such as talc via twin-screw extruder technology to offer exceptional consistency and unique combinations of product features. Most TPOs are high-performance PP-based thermoplastic materials that can
be suitably tailored to meet specific application requirement. These compounds
resist impact, provide excellent rigidity, scratch resistance, and are paintable or
custom colored to meet any color specification. Many value-added TPOs are manufactured for automotive interior, exterior, as well as under-the-hood applications,
covering dashboard, door and pillar trims, consoles, IP, body-side molding, wheel
arch liners, rub strips, air conditioner and heater housing, ducts, radiator fan,
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engine covers, bumper fascias, step pads, and pillar trim for head impact. PP and
TPOs can be found in other applications, such as door and quarter-panel trim, liftgate trim, consoles, fender liners, and fan shrouds, just to mention a few automotive applications. They help to satisfy other extremely demanding exterior trim
applications such as integrated and painted rocker panels, grills, fenders, tailgates,
and cosmetic covers such as outer door trim.
These materials are designed to provide the performance properties and the aesthetic qualities that designers demand. For example, airbag and trim materials provide impact resistance appropriate to explosive deployments, exhibiting ductility
even at low temperatures. TPO materials engineered for IPs exhibit excellent
dimensional stability across a wide range of temperatures.
Being elastomer-modified polyolefins, these products can be made to overcome
issues of BSR that are associated with traditional choices in interior plastics. The
simplicity of recycling of an all-polyolefin component in the plant and at the end of a
vehicle useful life span, gives the TPOs a huge advantage over traditional materials.
Most of these products can be designed to have the low-gloss surface that is
sought after by designers and customers alike. Improved surface durability helps
accelerating the trend to the replacement of painted parts with TPOs that have
matched colors molded in. They bring flexibility and soft-touch, high-friction surfaces to many interior applications. The characteristics of some TPO materials have
endeared some customers to use them in side cladding applications. Their low thermal expansion has been reported to prevent problems when cladding is securely
anchored to a metal substrate. This new class of polymers displays a very low
CLTE and resists high mechanical strain. This balance of properties opens up
opportunities for use in vertical panels, body paint or molded-in-color (MIC) with
or without clear coat. TPO provides cost savings, durability, and low-gloss appearance for IP. The IP cover, which is the major visible surface of the IP, the glove
box door assembly, and the driver’s knee bolster can be molded from TPOs.
Conventionally, most IPs were built using painted PC/ABS parts or vinyl skin-andfoam construction. The alternative of using unpainted TPO panel lowers cost, since
it is molded with a grained Class “A” finish, which eliminates the cost of secondary
finishing operations. The unpainted IP cover, glove box door, and knee bolster
made of TPO can integrally colored at the press using a color concentrate.
The utilization of polymer skins to achieve soft-touch feel, padded leather-like
characteristics for the IPs, and other interior applications has long being encouraged and practiced by the automotive interior designers. Irrespective of the material used (flexible surface or rigid substrate), the method of production has always
been similar; however, skin process has its limitations. Such limitation includes
the possibility of the materials (flexible skin and rigid substrate) requiring coating
in order to control gloss or to impart scratch and mar resistance. In some cases,
parts design might have been constrained because the tear strength of these materials has limited maximum depth of draw in the forming process. Solvay has developed a range of TPE skin materials (RESPOND EX4200 series and RESPOND
LUNA10) with advanced mar and scratch resistance having high draw ratios
(elongation-at-break .500) in painted and unpainted interior applications. These
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materials are all-polyolefin systems, making recycling highly simplified during
production and at the end of the service life of the vehicle.

15.12.2 MIC TPO compounds
In less than two decades, automotive IPs made from precolored TPO have steadily
grown and they have replaced many of their more expensive painted PC/ABS counterparts. Cost reduction has been the primary driving force behind the attraction
toward TPO, since MIC designs do not require expensive secondary painting operations. In addition to the cost benefit gained by the MIC technology, other important
benefits include:
1. NVH improvements, because polyolefin materials are inherently “quiet” and they are not
easily susceptible to squeak or rattle. Therefore, MIC TPOs find excellent use in IP
designs that generally require no BSR.
2. Environmentally, MIC eliminates painting and by extension the elimination of emissions
of harmful volatile organic compounds and also nonpainted plastic materials are much
easier to recycle. TPO products that can be MIC to achieve full-gloss exterior metallic
finishes suitable for use in bumper fascias, body-side moldings, and various other exterior
trim components.

15.12.3 Engineering thermoplastic vulcanizates
The elimination of the manufacturing boundary between rubber and plastics created
a new class of material called ETPVs. Dupont specially engineered and wellformulated ETPV (a high-performance elastomer, molecularly fused into a highperformance thermoplastic base resin) provides a strong, flexible structure that can
be easily formed into complex shapes. Parts made of this material can withstand
service temperatures up to 160 C, substantially higher than TPEs. It can be manufactured via the conventional plastics equipment and can be as much as 10 times
faster than traditional rubber processing.
The material finds applications in automotive ducts and hoses, seals, and body
plugs. The rubber-like flexibility and toughness is retained at temperatures as low
as 240 C and parts made of the new material are highly resistant to oil, grease,
and chemicals. ETPV pellets can be injection molded, blow molded, extruded, or
bicomponent molded. This new material contains no extractable compounds and
hence, it is more storage stable than traditional elastomers and like most thermoplastics, it is fully recyclable. It has the high performance of many thermoset rubbers in addition to the substantial savings in processing costs compared with
thermosets. The tubing (a three-layer co-extruded construction that contains a barrier polymer to block permeation and a conductive resin that helps dissipate static
charges) minimizes permeation losses and reduces cost compared with conventional
rubber tubing. In fuel vent tubing, ETPV also delivers several other benefits, including kink resistance and ease of assembly. It provides excellent strength, toughness,
and flexibility over a broad temperature range (40 C to 125 C for fuel vent tubing, as shown in Fig. 15.6) and resistance to automotive fluids and grease.
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Figure 15.6 Fuel vent tubing made of ETPV.
Source: Dupont and Teleflex.

Usually, the shroud around a car engine fan is mounted to the body, behind the
grille opening [87]. This configuration creates a gap that allows the relative motion
between the shroud and the engine-mounted fan. This reduces the efficiency of airflow.
A design by Sur-Flo Plastic Engineering, utilizing Solvay NexPrene1087A, TPV which
is over-molded onto a nylon retaining ring, allows the mounting of the shroud directly
on the engine itself, thus closing this gap. This greatly benefits engine performance, as
it improves airflow (which eliminates exhaust gas recirculation), improves cooling
(which minimizes the time the fan needs to run and hence enables the engine to run at
increased horsepower under demanding conditions), reduces NHV (noise, vibration and
harshness), and simplifies assembly. The new design weighs significantly less, cost less
than a conventional configuration, which utilizes EPDM cover on aluminum ring.
Using TPV for this design allows for complete recyclability of the material, thereby
eliminating the scrap associated with the thermoset EPDM.
The new TPE grades by PolyOne allow for extrusion and multicomponent molding. In the extrusion grade, OnFlex-VTPE-V (vulcanized polyolefin-based elastomer) compounds are suitable for a range of applications such as roof seals, window
seals, tubes, and hoses for the automotive and construction markets. Its advantages
include high throughput and low die swell, low processing pressure, excellent compression and tension sets over a wide range of temperature, good coloring characteristics, and low odor [73].

15.13

Specific automotive components made
of polyolefin-based materials

In this segment, some specific automotive parts made of polyolefin-based materials
will be examined. These materials were previously made from metal or alloy metal.
The utilization of polyolefin materials translate to fuel economy and reduction in
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environmental pollution as a result of decreased CO2 to the atmosphere which is a
global concern.

15.13.1 The bumper systems
A bumper is a part of an automobile designed to allow one vehicle to impact with
another and to withstand that collision without severe damage to the vehicle’s
frame. Brush guards and push bars were added aftermarket to bumpers of automobiles, pickups, trucks, and utility vehicles since the early days of automotive manufacture. This is to provide additional protection to the vehicle. While bumpers were
originally made of heavy steel, in later years they have been constructed of rubber,
plastic, or painted light metal, leaving them susceptible to damage from even minimal contact. For the most part, these vehicles cannot push or be pushed by another
vehicle. An entire aftermarket industry has developed, which now produces various
guards to protect these vulnerable modern bumpers.
The main function of the bumper system is to reduce damage by absorbing
kinetic energy on impact, so that the load transmitted to the body frame is minimized [88]. Hence the, bumper systems have gone through some complex engineering routes. The use of polyolefins in various automobile-related applications has
grown steadily in the past six decades. In today modern automotive, polyolefinbased materials, in particular PP-based materials, are used to produce at least 90%
of all bumper systems.
In addition to the safety function of bumpers, they also form an important part
of the overall aesthetic look of a vehicle. They form an integral part of the bodywork with painted-in body colors and they are carefully incorporated into lighting
assemblies and grills. The ever-increasing improvements in the mechanical properties and performance of bumper materials have yielded a progressive reduction in
wall thickness of automotive bumpers. As a result, this produces significant material savings for manufacturers, while creating lighter components that lower fuel
consumption for the consumer. The ability to paint the bumper systems resulting in
an enhanced surface finish and simplifying the manufacturing process is very necessary to improve the aesthetic needs of the bumper. The manufacture of thin-walled
moldings requires materials with extremely good melt flow characteristics and
hence bumper grades materials must exhibit excellent processability and very low
lower specific heat with corresponding higher thermal conductivity. The result is
significant reductions in cycle times. Considering the advent of global platforms,
the design and function of bumpers must meet both local and international stringent
market requirements. Utilizing the advances in process technology, pioneered by
some companies such as Basell and Dow, polyolefin materials offer automotive
designers a wide range of possibilities.

15.13.2 The zero-gap bumper
Materials with special characteristics are needed for the zero-gap bumper because
the bumpers for such applications closely follow the lines of the body fascia.
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Of necessity is the fact that the bumper’s CLTE must be as low as possible in order
to avoid the possibility associated with differential shrinkage as a result of the associated dimensional instability in homopolymer polyolefins. Basell’s reactor alloys
fabricated through Basell’s Catalloy process exhibit extremely low thermal expansion as well as an excellent impact and stiffness balance and hence are well suited
for automotive bumper applications. Talc has been introduced into polyolefins
because it reduces thermal expansion and shrinkage associated with polyolefins
[89]. The property of this filler made it suitable for zero-gap and jointless connections which is desirable for automobile bumpers [37,9091].

15.13.3 Interior trim
The rapid developments in PP materials allow PP-based resins to become the material of choice for the automotive interior. This is because they are capable of fulfilling a large number of functional and aesthetic needs and at the same time,
delivering significant cost and performance benefits. In the automotive interior
applications of polyolefins, safety, long service life and consistent appearance of
the materials employed are very important. Materials used in the automotive interiors are often under a great deal of stress. For this reason, sections and parts such as
the center consoles, glove box lids, and pillar trim need to resist many different
mechanical stresses without damaging their appearance. Therefore, scratch resistance is particularly important. Material and technology developments by many
polyolefin companies and research centers (both academic and industrial) have successfully improved the grain effect and material quality of scratch resistance.
Scratch-resistant products include mineral-reinforced low-density grades polyolefin
materials with very good impact and stiffness balance [92,93]. These materials,
such as unreinforced high-strength PP copolymers, have improved crystallinity and
phase morphology and are more rigid than conventional PP copolymers and therefore display commensurate impact strength. They also demonstrate improved heat
deflection temperature, with values at the same level as talc-reinforced PP grades.
This is in addition to the fact that their scratch resistance is significantly improved
since it shows that if the surface is damaged, no light colored reinforcement will be
exposed to unpleasant damaging weather.
For safety purposes, side panels and trim on doors, pockets, consoles, and pillars
must resist splintering upon impact or upon deployment of side-impact airbags,
even at very low (subzero) temperatures, hence interior components addressing
safety have to be well selected. PP grades that show low temperature impact, good
rigidity, and flow characteristics should be considered for such component applications. Material parts can be consolidated by using a section of TPO with laminated
foam backing placed with ridge-filled PP backing panel that can be molded onto
the back at low pressure. This simple one-step process can also be used for components such as pillar trims and seat backs. TPO skins exhibit extremely low fogging
and they have very good thermal stability when compared to conventional materials. Another technique that can successfully combine, in one single operation, the
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injection of a reinforced PP carrier and a soft-touch PP cladding to produce door
panels and therefore reduces the cycle time and materials waste.
Automotive interior designs and aesthetics are becoming increasingly important
factors that concern the customers, therefore, the previously applied factors to luxury cars are being extended to the midrange and medium-sized family vehicles. In
that regard, processing cost plays a crucial role and the fewer the stages of
processing and production, the more cost effective the components become.
Materials for interior trim, nowadays, are typically made of talc-filled PP compounds or high-crystallinity PP and for high surface quality, the parts are covered
with textiles or film. However, Basell developed a new class of polyolefin-based
products (Hostacom) that effectively simulates the appearance of textiles. This
saves the automotive manufacturers the added cost as the materials are manufactured without additional textile or film. The materials have similar properties to the
conventional PP compounds. In color, contrast, and surface textures, trims made of
these materials conveniently stimulate textile environment. They can be injection
molded in one operation, so costlier methods such as in-mold lamination or postmold decoration such as flocking, spraying, or laminating are not required. This
requires that polyolefin resin manufacturers for the automotive sector work in tandem with carmakers, molder, and designers to create superior color harmony and
multispot effects on PP compounds for vehicle parts like interior trim.
TPO materials have a number of excellent characteristics for use in side cladding. Their low thermal expansion helps to prevent problems when cladding is
securely anchored to a metal substrate. Also, their mechanical performance remains
robust with high-impact resistance, even at low temperatures. Their resistance to
UV, heat, and fuel gives rise to a long service life under severe environmental conditions. The molding of such large, thin-walled components is facilitated by the
high melt flow characteristics of these resins.

15.13.4 The airbag
An airbag, also known as a supplementary (or secondary) restraint system or as an
air cushion restraint system, is a flexible membrane or envelope, inflatable to contain air or some other gas. Airbags are most commonly used for cushioning, in particular after very rapid inflation in the case of an automobile collision (Fig. 15.7).
Most airbag covers are made of polyolefin-based materials. Solvay TPOs
(DEFLEX 1022, DEFLEX 756-67-2, DEFLEX E756, and DEFLEX 1000) are engineered TPOs. They are intended for use in the automotive airbag door applications,
either in the driver, passenger, or side airbag modules. Typically, they have service
temperature in the range 40 C to 100 C.
The deployment of automotive airbags is at high subsonic velocities and usually
at subzero temperatures. Therefore, materials designed to survive in this regime
must demonstrate both ductility and structural integrity across a wide temperature
range. Solvay has developed a family of airbag products that can effectively handle
this environment and still deliver the aesthetic appearance and also reasonable cost
benefits.
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Figure 15.7 Audi A8 already deployed airbags (Google image).

For painted surfaces or hidden airbag structures, several specialized DEXFLEX
TPOs provide a critical balance of stiffness and impact resistance. These materials
are being extruded into side-curtain airbag retainers or injection molded for driver
and passenger airbag covers. There are also grades designed for IPs that accommodate seamless deployment doors for passenger-side systems. New materials have
been developed to provide enhanced surface properties specifically for one-shot
MIC applications. The more expensive materials such as SEBS are being replaced
by these advanced TPOs that provide good balance of soft feel combined with
structural stiffness. Color integration is possible with these grades, thereby eliminating the need for paint and at the same time, delivering the controlled gloss and texture that interior designers prefer. A number of highly specialized thermoplastic
materials have been commercialized for use in airbag doors, covers, retainers, and
related system components. The passenger side airbag covers for the 2003 Lincoln
Town Car that incorporates a decorative woodgrain insert for the first time was
made of an injection molded TPO. This was made possible by a special thermoformable TPO from Solvay Engineered Polymers, DEXFLEX E1501TF, which was
extruded into 2-mil sheet by Spartech Plastics and then laminated with a woodgrain
film supplied by Avery Dennison Performance Films Division. The sheet was then
thermoformed into an insert that is placed in the injection mold and subsequently
over-molded with another Solvay TPO grade. It is a fact that significant reductions
in death and injury have come from the addition of safety belts and laws in virtually
all countries of the world, where all the occupants of the vehicle are required to
wear them. However, airbags and specialized child restraint systems have improved
on that. Structural changes such as side-impact protection bars in the doors and side
panels of the car mitigate the effect of impacts to the side of the vehicle.
In modern vehicle, airbags are critical safety components. They are required to
be extremely reliable and at very fast deployment (for instance, an automobile airbag, in crashed SEA Ibiza car, deflates after 0.3 second), operating exactly as
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intended when required under all conditions over the life of the vehicle. The introduction of in-chamber testing at 40 C and the low-temperature ductility of the
materials used for airbag cover is becoming one of the important properties specified by car manufacturers. At these very low temperatures, TPOs, SEBSs, and even
conventional TPEs become brittle and covers made of these materials will shatter
upon deployment.

15.13.5 IP and skins
Specially engineered polyolefins materials are being developed by Solvay, for use
in IPs and related trim parts, such as glove box doors and knee bolsters. These special grades of TPEs offer the structural stiffness and heat resistance that are necessary and demanded for these applications. A clear advantage of elastomer-modified
polyolefins is that they are inherently less susceptible to noise concerns (BSR) than
conventional IP materials, even when in contact with glass or other plastics. These
materials afford interior designers excellent surface characteristics. They present a
low-gloss appearance and they can be integrally colored to eliminate the costs associated with painting. Advances in surface durability for these products can minimize the effects of in-plant damage and enhance user satisfaction.
Solvay material engineers have taken two approaches to the products to be used
in IP skins in which RESPOND Luna 10 materials are designed to be produced as
extruded sheet that can be back-injected with polyolefin structure in a low-pressure
molding operation that is commonly used with PVC skins. This advanced vulcanized TPO can provide a low-gloss, highly tactile surface in an all-polyolefin
system with advantages in the area of recycling. A revolutionary all-polyolefin
skin-and-foam system for IPs is also a possibility with selected extruders and
laminators. This can be achieved using the RESPOND TPV skin, backed with
special polyolefin foam that can be laminated onto a TPO structural layer for
thermoforming into major IP parts. This highly ingenious system could easily
replace conventional skinfoam structures of dissimilar materials, thereby providing
IP designers with cost and processing advantages.

15.13.6 Under-the-hood applications
The extremely high heat loads, in addition to the severe UV and dimensional stability consideration that materials bear, under the hood, are important factors to consider when selecting materials for under-the-hood applications. In many ways, PP
has already displaced the materials used in the past. This new development has
allowed the extensions of the zero-gap technology for bumpers to draft deflectors.
Headlight housings are nowadays integrated as a design feature of cars and made
from 30% glass fibre-reinforced PP with very high dimensional stability that goes
with ease processing. For ventilator wheel, very good dimensional stability and
reduced warpage are of essence. Coupled with these, the ease of processing cannot
be overemphasized for such demanding moldings and thus, specialized polyolefins
will find applications in this area.
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A number of under-the-hood reservoirs are made of PE or PP compounds
because of their excellent chemical resistance, good stress-crack resistance, easy
weldability, and transparency. A new class of polyolefins, by Basell, is available to
provide under-the-hood cable, featuring primary insulation with high fire and electrical safety under continuous service temperatures ranging from 30 C to 130 C.
Replacing different types of cables with Basell Hifax compounds can produce
weight reductions and harness rationalization. These new materials are soft thermoplastics with melting points higher than 160 C, are thermal, copper stabilized, and
contain flame-retardant filler. Polyolefin compounds that are not sensitive to vibration and retain good dimensional stability (even at high temperatures), resistant to
fuels and lubricants, retain their functionality during their lifetime and with low carbon emissions and fogging values are available for under-the-hood applications.
Heater housings are very complicated parts and air-conditioning systems must
withstand shock and vibration at operating temperatures up to 70 C in continuous
service. Under-the-hood components must be dimensionally stable for sealing and
resist fuel and lubricants and must withstand peak temperatures of at least 120 C.
Odorless, low-emission polyolefin-based resins must ensure that the heated air from
the engine does not carry any unpleasant odor and noise into the vehicle’s interior,
even in a new car. In this regard, talc-reinforced materials provide excellent sound
barrier properties. This allows the heater housing unit to reduce the transmission of
sound between the engine and passenger compartments. Filled PP compounds are
being replaced by high crystalline PP to achieve weight reduction. PP and PE are
used for most under-the-hood reservoirs because of their excellent chemical resistance, good stress-crack resistance, easy weldability, and transparency.

15.13.7 Exterior trim
Without a doubt, TPO materials have played an important role in the development
of the IP ranging from a simple fascia to a set of complex multifunctional components that incorporates a number of different subsystems [94]. As stated earlier,
material performance demands good dimensional stability, excellent impact behavior, heat and scratch resistance, in addition to having very easy processability and
lighter materials in order to meet the faster cycle time and the weight reduction.
The reductions are not only addressing cost issues, but also contribute to the trend
of reducing a car’s fuel consumption and carbon emissions.
For a number of valid reasons, TPOs are commonly used in more economical
automotive models, for rigid IPs. These reasons include excellent dimensional stability, impact behavior, heat and scratch resistance, as well as the ease of processing
needed to mold these large-complex structures. Also, soft-painting techniques have
been used to enhance the tactile characteristics of the rigid panels in automotives.
The high degree of comfort offered by soft panel dashboard structure is an alternative to rigid automotive panels, which contributes toward building passive safety
features in the interior of an automotive. The ever-increasing versatility of polyolefins conveniently offers itself to constructing soft dashboards that are made partially
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or entirely of TPO materials. Such a dashboard could consist of a rigid Basell’s
Hostacom material backing structure with a soft TPO leather shell.
The mono-material IP is becoming a good reality and thanks to the rapid growth
and development of TPO materials for interior trim applications, making an allTPO dashboard a possibility. It provides considerable additional cost, comfort, and
performance benefits to manufacturers and the end users and more importantly, the
development also facilitates recycling these large components. Soft IPs built from
compatible combinations of materials can be recycled far more easily than dashboards made from combined materials.
New generation of polyolefins being developed by many polyolefin companies
may very well be capable of offering exceptionally low CLTE, close to that of aluminum and at the same time resisting high mechanical strain. This unique balance
of properties opens new market development opportunities for vertical panels in
body paint or MIC, with or without clear-coat that will quiet adequately satisfy
other extremely demanding exterior trim applications such as integrated and painted
rocker panels, fenders, tailgates, and cosmetic covers like outer door trim.

15.14

Future trend

Eldridge [95] reported the involvement of Mazda in a project producing a bioplastic
alternative to PP for car interiors. The new bioplastic is made of 88% polylactic
acid and 12% petroleum-based plastic. It has been developed in a regional revitalization research program in the Hiroshima area. According to Mazda, the new bioplastic has improved surface quality and has not only three times the impact
strength and 25% higher heat resistance than conventional bioplastics, but is stiffer
than PP. The key to the development is use of a new nucleating agent for crystallization and a compatibilizing compound developed. It is hope that bioplastic, which
will be fully recyclable, may be the future trend in the automotive sector.
The use of a streamlined body of an automotive that utilizes a new lightweight,
fuel-efficient plastic-bonded car was reported by the independent German carmaker,
Loremo [96]. The car takes a back-to-basics approach to vehicle construction that
makes it possible to travel 100 km on just 1.5 L of diesel fuel. In achieving this fuel
efficiency, the streamlined body was created by hanging thermoplastic panels onto
a rigid linear cell steel-supporting chassis with a goal of make everything from
sheet materials, hoping that the thermoformed co-extruded sheet materials would be
unbeatable in price and such material could be co-extruded with paint finish.
A production method of manufacturing components that involves co-injection
allows components to be created from two different but compatible materials in a
single operation. Example of this technique is the cowl-vent grille separating the
windscreen from the upper edge of the hood. The watertight seal between the windscreen and the upper edge of the grille is conventionally made using a soft gasket
glued to the grille. Now, grille and gasket can be produced in a one-shot dual-injection molding operation. It is believed that this approach combines a rigid structural
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section with a body-hugging seal into a single component that can be used for other
exterior trim applications such as side cladding or mirror mounts. Such approach
will greatly feature in future automobiles where polyolefin-based materials will be
employed very prominently.
Large automotive part applications, using long fibre-reinforced thermoplastic
with injection molding machine which can provide up to 4500 ton clamping force
will be a feasible route in future in the manufacturing of a car IP weighing as much
as 2.2 kg with a cycle time of less than 1 minute [97]. A two-platen Titan 1100 ton
injection molding machine used a 12 mm long glass-fibre-reinforced Celstran PPLGF30 material from Ticona for the production of such a large automotive part. In
2006, the total consumption of polymer materials globally was 42.8 million ton/
$80.5 billion and increased to 68.5 million ton/$106.4 billion in 2011, at an annual
compound growth rate of 9.9% tonnage and 5.7% monetary value [98]. This shows
that in years to come, up to 50% or more of the total weight of the automotive can
be replaced with polyolefins and other polymeric materials.

15.15

Conclusions

The simplification of waste management, especially at the end of the useful service
life of a vehicle requires the versatility of products with wide range of properties
and functionality that will enable mono-material design and therefore the future
will no doubt dwell very highly on mono-materials. In that regard, polyolefins have
always and will continue to contribute to resource optimization. In most instances,
automotive and industrial application components produced with polyolefins provide benefits throughout their lifetime. Polyolefin and automotive manufacturers
will strive always, for highly advanced manufacturing processes that are designed
to minimize environmental impact in terms of emissions and energy efficiency.
Extensive use of polyolefins in automobiles not only helps to reduce weight and
conserve fuel, but also provides added comfort and safety.
Polyolefins make up approximately 50% of the plastics found in cars.
Polyolefin-based products, composites, blends and alloys, and hybrids are extensively used in bumpers, dashboards, and interior trim, and also in applications for
under-the-hood components. Carefully engineered resins and design of components
and parts from such resins contribute to reducing vehicle weight, which nowadays
is an important element in fuel conservation. It is estimated that the use of plastics
(majority of which are polyolefin-based materials) reduces the weight of a modern
car between 150 and 200 kg, with an estimated 800 L of fuel saving, over the average lifetime of a car and this translates to a significant reduction in CO2 emissions.
In this age of increased agitation for a reduction in CO2 emissions, the trend will be
to strive and keep down the levels of such emissions. In materials design and applications in the automotive sector, it is likely that the polyolefin-based materials will
further be in line to play an active role. High-quality thermoplastics parts (mostly
polyolefin-based materials) bring flexibility to design and allowing owners to adapt
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the color and style of their own car. More importantly, the lightweight of these plastics means that, on average, a car could use as little as 5 L or less of fuel for every
100 km and emits less than 120 g of CO2 per km.
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16.1

Introduction

Geotextile materials have been greatly utilized globally in the construction, agricultural,
mining, and water treatment industries [14]. It can be produced from either synthetic
or natural fibres and they can be applicable for both short- and long-term applications
[5,6]. Geotextiles are commonly utilized in civil engineering projects, such as base for
roads, canals, retaining wall of dams, bank protection, and stabilization of reservoir
slope [7]. Globally, researches have revealed that the use of geotextiles on soil surfaces
is an effective practice for soil conservation [8,9]. The term geotextile belongs to the
family of geosynthetic. Other members of the family tree are geomembrane, geogrid,
geonet, geosynthetic clay liner, geofoam, geocell, and geocomposite [5,10].
According to Beckam and Mills [11] and also reported by Leão et al. [12] that
natural geotextile fabric found its first application around 1930 in the United States
of America for road construction works. Researchers went further to produce synthetic geotextile developed from polyester (PET) and polyolefin resins, which was
utilized in Florida, in the 1950s [29]. Geotextile can be woven, nonwoven, or a
combination of both, known as geocomposites [13]. Natural geotextile is costeffective when compared to the synthetic, which gave them an edge. However, in
terms of strength, synthetic geotextile offers better tensile strength and longer life span
($20 years) in comparison to natural geotextile of approximately 25 years [14].
Natural geotextile tends to degrade faster, but the end product contributes organic
nutrient and matter to the surrounding soil, which is of beneficial importance to vegetation development [15,16]. There is no doubt that the discovery and development of
geotextile has been immensely beneficial to mankind.

16.2

Definitions of polyolefins and geotextiles

In this section the basic definitions of polyolefins and geotextiles will be discussed
for a better understanding of the subject matter.
Polyolefin Fibres. DOI: http://dx.doi.org/10.1016/B978-0-08-101132-4.00016-3
Copyright © 2017 Elsevier Ltd. All rights reserved.
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16.2.1 Definition of polyolefins
Polyolefins are hydrocarbons, comprising of hydrogen and carbon. Any class of
polymers, which are produced from alkene having the general formula CnH2n, are
known as polyolefins. They are derived from propylene, ethylene, and α-olefins.
They are thermoplastics and are semicrystalline [17]. Polyolefins can be grouped
into two main types, namely: polypropylene (PP) and polyethylene (PE) that can
further be subgrouped. For these reasons, they find wide applications: as packaging
bags, children toys, containers, adhesives, household appliances, cladding materials,
automotive interior and exterior parts, and medical equipment and implants [18,19].

16.2.1.1 Definition of geotextile
Several researchers have defined geotextiles in different ways. John [20] defined
geotextiles “as permeable textiles used in conjunction with soil, foundation, rock,
earth or any geotechnical engineering-related material.” Koerner [21] defined geotextile as: “a permeable geosynthetic, comprising solely of textiles that are used
with foundation, soil, rock, earth, or any other geotechnical engineering-related
material as an integral part of human-made project, structure or system.” The
Textile Institute defined geotextile as: “any permeable textile material used for filtration, drainage, separation, reinforcement and stabilization purposes as an integral part
of civil engineering structures of earth, rock or other constructional materials” [22].
Among all the definitions the definition by the Textile Institute seems to give a clearcut, precise, and in-depth understanding of the importance and areas of application of
geotextile. The term geotextile is made-up of two words, namely “geo” that means
earth and “textile” which could be fabric or cloth that is knitted, woven, nonwoven
mat, or manufactured. Geotextiles have changed the face of engineering and the environmental sector through their beneficial use as solid barriers, containers, tensioned
membranes, absorbers, surfacing, and soil stabilizers [5,23].

16.3

Types and properties of polyolefins and geotextiles

The various types and properties of polyolefins and geosynthetics determine their
function and areas where their application will be fully maximized. The utilization
of these ingenious materials has aided crop production, reduced ground water contamination, reduced soil dehydration, increased road life span, and strengthened
dam retaining walls and embankments.

16.3.1 Types and properties of polyolefins
16.3.1.1 Types of PP and subdivision
As mentioned earlier, polyolefins are divided into two main types (PP and PE), each
of these are subdivided into their own subgroups. The common subdivisions of PP
are: atactic, syndiotactic, and isotactic (Fig. 16.1). The methyl-groups are randomly
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Figure 16.1 Types of PP: (A) atactic, (B) syndiotactic, and (C) isotactic.
Adapted from Leão AL, Cherian BM, de Souza SF, Kozłowski RM, Thomas S, Kottaisamy
M. Natural fibres for geotextiles. Chapter 9. Woodhead Publishing Limited; 2012.

arranged laterally on the chain for atactic PP, while on alternating sides for syndiotactic PP (s-PP) and for isotactic PP (i-PP), the methyl-groups are arranged along the
backbone on the same side. The production of PP from various stereo chemical configurations is because of propylene is an asymmetrical monomer. The market is predominantly dominated by i-PP because it can easily be produced with metallocene
and heterogeneous Ziegler-Natta catalysts, while s-PP can only be produced with
some metallocene catalysts and is observed to have lesser usage commercially [17].
PP is a thermoplastic polymer and is used in a wide variety of applications, including: plastic parts and reusable containers, thermal shirts and pants specially made for
the military, laboratory equipment, loudspeakers, and automotive components. PP is
made from the monomer: propylene and can only be produced with coordination catalysts, unlike PE, which can be made either with coordination catalysts or free radical initiators [17]. It is very rugged and has unusual resistant to many chemical
solvents, bases, acids, and ultra violet (UV) rays.

16.3.1.2 Types of PE and subdivision
Polyethylenes are classified mainly into three types, which include: low-density PE
(LDPE) with density ranging between 0.910 and 0.940 g/cm3, linear low-density PE
(LLDPE) with density ranging between 0.910 and 0.920 g/cm3, and high-density
PE (HDPE) with density ranging between 0.941 and 0.967 g/cm3. The sources of
these materials may cause a slight shift or variance in the density (Fig. 16.2).
Based on similarities in terms of structure, the following are often grouped under
LLDPE; very low-density PE, ultra-low-density PE, and medium density PE, while
HDPE is ultrahigh molecular weight PE. LDPE can be made with free radical
initiators while LLDPE and HDPE can be made with the same catalyst like that of
PP (that is coordination catalysts).
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Figure 16.2 Types of PE according to structure.
Adapted from Leão AL, Cherian BM, de Souza SF, Kozłowski RM, Thomas S, Kottaisamy
M. Natural fibres for geotextiles. Chapter 9. Woodhead Publishing Limited; 2012.

16.3.2 Types and properties of geosynthetics
The umbrella term used for flexible and thin sheet materials, used predominantly in
environmental and civil engineering works, is geosynthetics [24]. This highperformance material could be grouped into three main classifications. The first classification is the geotextiles that can further be subdivided as geotextile-related products,
which include: geomesh, geonets, geogrids, geocells, and geopipes. These materials
are generally made to be porous in nature and without difficultly, permeable to liquid
(mainly water) and gas. It could either be nonwoven, woven, or knitted. The second
classification includes those that are impermeable to liquids, and are known as the geomembranes. This second group can further be divided as geosynthetic clay liners and
plastic sheets. The effective combination of these materials as a single material brings
us to the third classification, known as the geocomposites. The classifications of geosynthetics and their subdivisions are shown in Fig. 16.3. In this chapter, more emphasis

Figure 16.3 Classification of geosynthetics.
Adapted from Lawrence CA. High performance textiles for geotechnical engineering:
geotextiles and related materials. Elsevier; 2014. doi:10.1533/9780857099075.256.
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Geotextile composition in wt%

Additive

Base material

Carbon black

Filler

Other additives

PP
PE
PET
PA

8598
9598
9899
9899

24
23
0.51
0.51

013
0
0
0

0.252
0.251
0.51
0.51

Adapted from Wiewel BV, Lamoree M. Geotextile composition, application and ecotoxicology—a review. J Hazard
Mater; 2016. http://dx.doi.org/10.1016/j.jhazmat.2016.04.060.

will be on geotextiles. Table 16.1 presents that most geotextiles are produced from
polymer of which, polyolefins and PET form the bulk of the raw materials [10].

16.3.2.1 Properties of geotextiles
The required properties determine the type of geosynthetics to be used for certain
applications. These properties include the physical, mechanical, hydraulic, degradation, and endurance. An appropriate geotextile has to be carefully selected in order
to fully maximize the materials. Geotextiles have been reported in literature for various uses due to their enhanced properties [26,27]. Table 16.2 presents the expected
characteristic properties required of geotextiles. The basic properties, such as aperture size, moisture sorption depth, mesh thickness, tensile strength, and hydraulic
roughness, make them highly useful for soil protection applications [15]. The unique
properties exhibited by geotextiles make them suitable for applied applications in
various engineering fields, such as construction, hydraulic, structural, transportation,
and agricultural engineering. Furthermore, these properties make geotextiles useful
for four significant functions, viz: filtration, drainage, separation, and reinforcement.
Sometimes, protection is considered as the fifth part where geotextiles find functional application [10].
Table 16.2

Geotextiles crucial characteristic properties

Broad
property

Subproperties

Mechanical

Tensile strength, tearing strength, compatibility, flexibility, bursting
strength, puncture strength, tenacity, frictional resistance
Weight, thickness, stiffness, specific gravity, density
Porosity, permeability, transitivity, filtration length, soil retention,
permittivity
Biodegradation, photo degradation, chemical degradation, mechanical
degradation, hydrolytic degradation and degradation as a result of
termites, mite
Abrasion resistance, elongation under texture, clogging length

Physical
Hydraulic
Degradation

Endurance

Adapted from Leão AL, Cherian BM, de Souza SF, Kozłowski RM, Thomas S, Kottaisamy M. Natural fibres for
geotextiles. Chapter 9. Woodhead Publishing Limited; 2012.
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Polyolefins in geotextiles

Geotextiles can either be made from synthetic or natural fibres. Another alternative
is the combination of both, which is regarded as hybrid. The end functional application determines the shape, aperture size, design, and choice of material. The most
common geotextiles are the synthetic geotextiles; this is due to the unique property
and strength they exhibit. Natural fibre geotextiles are equally gaining ground due
to their cost-effectiveness, environmentally friendliness and improved strength,
through the advancements in research. If natural fibre geotextiles will successfully
compete with their synthetic counterpart, they must meet the minimum requirement
for whatever application they are designed to do. Natural geotextiles can last for
between 2 and 5 years, while synthetic geotextiles can last longer than 20 years
[14]. Some building structures are designed to last for 100 years, therefore they
require geotextiles that can meet this specification, including high oxidative resistance [28]. Natural fibres can either be from animals (silk, wool) or plant (cotton,
jute, flax, sisal, hemp, coir, etc.). Synthetic geotextiles are manufactured from synthetic polymers (mainly polyolefins) and they include PE, PP, HDPE, LDPE, and
LLDPE [12]. Other polymers used for geotextiles are the PET and polyamide (PA).
Geotextiles can come in three major forms, viz: woven, nonwoven, and knitted.
Hence, they function as filter for filtration, separator soils and other fine materials,
drainers to remove or gather rainwater in the soil, reinforcement to stabilize and
strengthen, and lastly, for protection in landfills or waste dumping sites. In the
United States, geotextiles seem to find more functional applications than some other
material types as presented in Table 16.3.
The moment the required level of geotextile sustainability is known, the minimum required specification can be determined based on ASTM standards
(Table 16.4). Appropriate geotextiles must be selected for the right application.

Table 16.3 Application and product type consumption in the
United States
Application

Geotextiles
(mm2)

Geogrids
(mm2)

Nets/mats
(mm2)

Separation and
filtration
Reinforcement
Pavement repair
Waste disposal
Drainage
Erosion control
Others
Total

158





5

163

24
122
95
56
38
17
510

30
10


5

45




17
10

27



5


3
13

54
132
100
73
53
20
595

Others
(mm2)

Total
(mm2)

Adapted from Leão AL, Cherian BM, de Souza SF, Kozłowski RM, Thomas S, Kottaisamy M. Natural fibres for
geotextiles. Chapter 9. Woodhead Publishing Limited; 2012.
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Required minimum ASTM standard properties for
geotextiles

Table 16.4

Required geotextile
survivability

Grab
strengtha
(lb)

Puncture
strengthb (lb)

Burst
strengthc
(lb)

Trap
teard (lb)

Low
Moderate
High
Very high

90
130
180
270

30
40
75
110

145
210
290
430

30
40
50
75

a

ASTM D4632.
ASTM D4833.
ASTM D3786.
d
ASTM D4533.
Source: globalsecurity.
b
c

For instance, in the construction of roads, geotextiles must have good punctureability, permeability, tenacity, tensile strength, etc. In selecting the appropriate geotextile, the field of application plays a large role, because each application demands
certain qualities and properties. For agricultural purpose, biodegradable geotextiles
are required while for building construction that will last for 100 years, the geotextiles are expected to last the age of the structure: therefore the geotextile material
should not degrade throughout the life span of the building.

16.4.1 Geotextiles for filtration
In a research by Barret [29] in the mid-1960s, it was reported that geotextiles for filtration application are about the most common practice and the oldest of all. They function as the filter and materials to be filtered must be taken into account during the
designing process because it is designed to only allow the passage of liquids, while the
fine (soil) particles are retained or prevented from passing through. For this kind of
application, the geotextile material may be either nonwoven or woven, in order to
allow the free passage of liquid and prevent the fine particles. These materials are specially structured as filters in order to prevent the downstream of soil particles, therefore maintaining their rigidity or stability. A geotextile material must be designed well
enough to have the right pore size and distribution as well as the required degree of
permeability in order to allow easy flow of liquid as it is required. After the installation of the geotextile material, there are three possible issues that may result as the liquid and other aggregate particles try to pass through the openings:
i. Blockage: This occurs when the fine particles prevent partially or completely obstruct
the free flow through the pore openings on the geotextile surface.
ii. Blinding: This is a situation where there is a formation of fine particle cakes on the geotextile surface. The cake formation occurs whenever there is a stoppage of water flow
and the surface of the geotextile is allowed to dry.
iii. Clogging: This is a gradual clustering of soil particles within the geotextile pore opening
as they are trying to pass through the pores.
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In a situation where the water flow is in a single direction, as is the case in road
construction, the three cases mentioned above sometimes make the coarse aggregate
to function as a filter (see Fig. 16.4). The zone A part of Fig. 16.4 is the natural
uninterrupted condition of the soil, while zone B is due to the interference as a
result of geotextile filter introduced, which causes the soil to compact as the water
flows through it, allowing the zone to function as a filter. Zone C, next to the geotextile surface, forms a bridge network by coagulating together. Selecting an appropriate geotextile material with the right design is a critical process in order to
maximize the full properties of the material.
Geotextiles are also used in the pavement of permeable system where the system
is designed to collect storm water from the surface of the pavement. During storms,
large volume of runoff water builds up leading to flash flooding; the water carries
various pollutants that end up contaminating the ground water. The geotextile and
the accumulated fine soil and coarse particles, in this case, act as a filter, thereby
preventing the carried pollutants to gain access into ground water (Fig. 16.5). In a
research by Rahman et al. [30], it was reported that geotextiles, functioning as a filter, increased the rate of pollutant removal.

16.4.2 Geotextiles for separation
Separation of two distinct materials (fine soil, subsoil, or coarse aggregate) is
another important area where geotextiles find useful application. Whenever there is
a constant pressure exerted on a surface where coarse aggregates are laid on the
fine soil or subsoil, there is a tendency for the coarse aggregate to sink into the
base material. The introduction of geotextile material will prevent this occurrence

Figure 16.4 Particles performing the role of the geotextile filter.
Adapted from Leão AL, Cherian BM, de Souza SF, Kozłowski RM, Thomas S, Kottaisamy
M. Natural fibres for geotextiles. Chapter 9. Woodhead Publishing Limited; 2012.
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Figure 16.5 Geotextile material in permeable pavement.
Adapted from Rahman MA, Imteaz MA, Arulrajah A, Piratheepan J, Disfani MM. Recycled
construction and demolition materials in permeable pavement systems: geotechnical and
hydraulic characteristics. J Cleaner Prod 2015;90:18394.

and help maintain a smooth and even surface. The most common place where this
approach is used is in road construction, as shown in Fig. 16.6. After the subgrade
material the geotextile is laid perfectly, followed by the careful laying of the coarse
aggregate or gravel. During the installation and placement of the gravel, care must
be taken in order to ensure that the geotextile material is not punctured. When the
material is punctured, then the aim of its function is defeated. In a research by
Cheah et al. [31], a reference was made about Christopher and Fischer’s statement:
“a geotextile becomes useless if it is damaged during the installation stage.”
Geotextile material helps the coarse aggregate to perform to its best, by providing
maximum support required and ensuring the paved road does not crack, as shown
in Fig. 16.6A.
When designing this type of material that will be subjected to such kind of load,
the following must be taken into account: induced tensile strength, bursting
strength, puncture resistance, tearing strength, biodegradability, friction resistance,
and durability. Lawrence [25] explained how the localized tensile strength or grab
strength, puncture resistance, and bursting strength can be evaluated.

16.4.3 Geotextiles for drainage
One of the challenges faced by civil engineers in road construction is the removal
of water from the surface of paved road. The accumulation of flood water after
storms is detrimental to strength of the road and ultimately reduces the life span of
the road. Water must be drained from the base course as quickly as possible;
because if this is not done, there will be stress transfer to the subgrade due to road
usage and if the subgrade cannot handle the stress, due to accumulated water, it can
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Figure 16.6 Functional application of geotextile used for separation.
Adapted from Lawrence CA. High performance textiles for geotechnical engineering:
geotextiles and related materials. Elsevier; 2014. http://dx.doi.org/10.1533/9780857099075.256.

result in rapid road failure. Geotextile material, in this case, performs two functions
in one, which are: combining the function of filtration and separation together.
Draining of water must be done in a well-engineered fashion, so as not to result in
erosion (washing away the soil and other service utilities). These factors must not
be undermined during the road design stage.
Geotextiles, geotextile-related products (as shown in Fig. 16.3), and geocomposites are used for drainage. In a situation where there is no proper drainage of flood
water during heavy storms, the soil is in endanger of possible washing away of this
fine or graded particles. For drainage purpose, there must be retention of soil, sufficient water flow, minimal clogging of the pore openings, and adequate flow capacity within the geotextile material plane. The material must provide an undisturbed
or unhindered water flow (maintain good permeability) and prevent the movement
of fine soil particles from entering the drain (base soil filtration) [12]. This functional application of geotextile material in construction reduces cost when compared with using different layers of graded aggregate, which is a common practice.
Fig. 16.7 shows a scenario where geotextile material is used for drainage function.
The use of geotextiles in drainage has contributed immensely to prolonging the life
span of roads, trenches, dams, embankments, and pavement.
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Figure 16.7 Functional application of geotextiles used for drainage.
Adapted from Lawrence CA. High performance textiles for geotechnical engineering:
geotextiles and related materials. Elsevier; 2014. http://dx.doi.org/10.1533/9780857099075.256.

16.4.4 Geotextiles for reinforcement
The application of geotextiles for reinforcement in construction or civil engineering
works is as a result of their ability to stabilize weak soil or subgrade, withstand tensile stress and constrain deformation. Compacted graded aggregates are known to
have good compressive strength but very weak tensile strength. The introduction of
geotextiles contributes to the tensile resistance and cohesive effect between the
aggregate or soil particles [5]; therefore, preventing the breaking apart of the compacted aggregate under continuous tensile stresses, as a result of various loading
(i.e., human activities) [25]. The basic mechanical properties that a geotextile material must possess for it to be fit for reinforcement are tensile strength and modulus,
puncture resistance, and surface friction. Table 16.5 presents the required reinforcement properties of geotextiles. This is why they find useful applications in
Table 16.5

Reinforcing requirement for geotextiles

Properties

Requirement

Properties

Requirement

Tensile strength
Elongation
Chemical resistance
Biodegradability
Flexibility
Friction properties
Interlock
Tear resistance
Penetration
Puncture resistance

a
a
b , a
a
c
a
a
c
c
c

Creep
Permeability
Resistance to flow
Properties of soil
Water
Burial
UV light
Climate
QA and control
Costs

a
d , c
c
a
a
a
b
d
a
a

a : highly significant; b : significant; c : moderately significant; d : not applicable; and QA : quality assurance.
Adapted from Barret JR. Use of plastic filters in coastal structures. Proceedings of 10th international conference on
coastal engineering, Tokyo, Japan; 1966. p. 104867.

508

Polyolefin Fibres

pavement design, embankment reinforcement, restoration of pavements, and retaining walls (Fig. 16.8).
Geotextile material increases the average life span of the constructed road and
drastically reduces cost. One of the functions of geotextiles in reinforcement is to
act as a physical barrier, preventing the admixture of the soil subgrade and the
graded aggregates. The material must provide sufficient frictional resistance to limit
or prevent lateral sliding of the base material and the aggregate. A single geotextile
material can combine both the drainage and reinforcement functions, in order to
prevent flash flooding and eroding of the soil subgrade and aggregate during heavy
storms, as explained earlier for an unpaved road. This is the reason for the observed
increase in the usage of geotextiles since the 1970s and the level of profit recorded
in North America (Fig. 16.9).

16.4.5 Geotextiles for protection
Another important functional application of geotextile materials is for protection,
which could be in various ways. The eroding of the coastal planes due to increasing
sea level has necessitated measures to reduce the loss of coastline. Durgappa [33]
reported that more than 60% of the sandy beaches (roughly 20% of the world’s

Figure 16.8 Functional application of geotextiles used for reinforcement.
Adapted from Yee (2015) [37] and Lawrence CA. High performance textiles for geotechnical
engineering: geotextiles and related materials. Elsevier; 2014. http://dx.doi.org/10.1533/
9780857099075.256.
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Figure 16.9 Geotextile usage and profit generation in North America.
Adapted from Barret JR. Use of plastic filters in coastal structures. Proceedings of 10th
international conference on coastal engineering, Tokyo, Japan; 1966. p. 104867.

coastal planes) have been lost due to erosion in recent years. In an attempt to minimize the sea waves on coastline, seawalls were built using geotextile sand bags as
shown in Fig. 16.10. This method was first used about five decades ago in several
countries, namely, the United States, Germany, and the Netherlands [18]. From
anthropogenic point of view, this measure is regarded as “soft” defense against
nature. In a research by Corbella and Stretch [34], it was reported that placing the
bags at a slope of 45o, protected from UV and vandalism, covering with sand and
adequate filling of the geotextile bags, will improve coastline protection.
Another important area where geotextile material is used for protection is the
waste management (landfill). Geotextile material, in combination with an impermeable geomembrane (as shown in Fig. 16.11), allows the geomembrane to act as the
sealant, while the geotextile material provides additional effect. The essence of
these materials is to reduce or prevent contamination of the soil and ultimately,
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Figure 16.10 Protective function of geotextiles for coastlines.
Left image adapted from Corbella S, Stretch DD. Geotextile sand filled containers as coastal
defence: South African experience. Geotext Geomembr 2012;35:12030.

Figure 16.11 Liquid and solid waste disposal landfill.
Adapted from Leão AL, Cherian BM, de Souza SF, Kozłowski RM, Thomas S, Kottaisamy
M. Natural fibres for geotextiles. Chapter 9. Woodhead Publishing Limited; 2012.
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Protection requirement for geotextiles

Mechanical
properties
Long-term
performance

Tunnel construction

Landfill and reservoir

Flat roof
construction

Burst, puncture, and
abrasion resistance
Decay resistance, pH
between 2 and 13

Friction coefficient, burst,
and puncture resistance
Decay resistance, pH
between 2 and 13

Puncture resistance
Chemical
compatibility

Adapted from TANFEL advertisement report; 1990.

ground water. Failures of these materials can be as a result of puncture, burst, degradation, and/or prolonged localized tensile or compressive stress loading, leading
to cracks or tear (Table 16.6).

16.5

Applications of polyolefins in engineering

Polyolefins form an essential part of engineering; they have been widely used for various applications, ranging from toys, home appliances, automotive interior and exterior components, grocery bags, packaging, electronics appliances, containers, cooling
chambers of refrigerated vehicles, and even aggregate in concrete. These materials
find these useful applications due to the exceptional properties, such as high chemical
resistance, good mechanical strength, easy to process, cost-effectiveness, light weight,
and thermal stability that they possess. Washers and dryers have the highest usage of
polyolefins in the Western Europe with Germany and Italy having the largest share
for the years 2001 and 2006 as presented in Tables 16.7 and 16.8. The materials are
also widely used in the automotive industry. Another important application of

Western european usage of polyolefins for appliances in
2001 and 2006

Table 16.7

Market sectors

Washers/dryers
Dishwashers
Refrigerators/freezers
Microwave ovens
Vacuum cleaners
Small appliances
Power tools
Other/undefined
Total

2001

2006

Kilotons

%

Kilotons

%

98
29
15
5
24
69
5
39
284

34.5
10.2
5.3
1.8
8.5
24.3
1.8
13.7
100

114
46
20
6
35
81
6
46
354

32.2
13.0
5.6
1.7
9.9
22.9
1.7
13.0
100

Adapted from Posch W. Polyolefins. Chapter 3. Applied Plastics Engineering Handbook. Elsevier; 2011. p. 2348.
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Western european usage of polyolefins for appliances in
2001 and 2006 by Country

Table 16.8

Country

Benelux
France
Italy
Germany
United Kingdom
Spain
Austria
All other
Total

2001

2006

Kilotons

%

Kilotons

%

18
34
56
58
48
21
4
45
284

6.3
11.9
19.7
20.4
16.9
7.4
1.4
15.8
100

27
39
67
66
51
25
4
75
354

7.6
11.0
18.9
18.6
14.4
7.1
1.1
21.2
100

Adapted from Posch W. Polyolefins. Chapter 3. Applied Plastics Engineering Handbook. Elsevier; 2011. p. 2348.

polyolefins, as discussed in Section 16.4, is in the civil engineering construction
work, where the material is used as a partial replacement for coarse aggregate in concrete. The low-density and mechanical properties exhibited by this material make it
possible for the production of light weight concrete.

16.6

Future trends

The use of natural geotextiles in various functional applications is still very limited
due to the low properties it can deliver. Despite the researches that have been done
in an effort to improve the properties of natural geotextiles, there is still more to be
done if this material must compete with synthetic geotextiles that are predominantly
used. The interaction that happens between the soil and the geotextile materials still
needs further research, in order to help understand what needs to be improved upon
in the designing process when using natural geotextiles. The durability of natural
fibre geotextiles should be a major focus to address their limitations to compete
effectively with synthetic geotextiles. However, natural geotextiles have some
intrinsic advantages, such as biodegradability, low weight, environmental friendliness, and cost-effectiveness. Fibre modification approach is a research strategy that
can improve the compatibility, morphology, and interfacial adhesion between the
natural fibre and the polyolefins or PETss in a geocomposite.
In general, there should be more awareness about the use of geotextiles.
Presently, geotextiles are commonly used in the civil engineering field. However,
geotextiles can also find useful applications in the agricultural sector, where very
few people fully understand how geotextiles can be deployed to increase crop production. Indeed, geotextiles can help the soil to retain its moisture content that
could have been lost due to quick evaporation (see Fig. 16.12). The communication
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Figure 16.12 Geotextiles for agricultural application.
Source: Srisiam equipment.

between the manufacturers of geotextiles and the engineers or the end-users should
not be taken for granted. The engineers know what they want from the materials
and the geotextiles manufacturers will always find a way to achieve this requirement through constant research. In essence, adequate transfer of information should
be encouraged.

16.7

Conclusion

Geotextiles have proved to be important materials, especially in civil engineering
applications. Geotextiles have contributed immensely in prolonging the life span of
pavement, embankment, retaining walls and road, and seawalls/coaster planes. The
main functional applications of geotextiles are filtration, drainage, separation, reinforcement, erosion control, and protection. Properties, such as puncture resistance,
burst strength, tensile strength, tear resistance, friction resistance, and chemical
resistance are very important for the materials to find useful applications. Synthetic
geotextiles are the most common types due to their extended service life that is generally, greater than 20 years, unlike natural fibre geotextiles with life spans of
between 2 and 5 service years. The communication link between the textile industries (manufacturers of geotextiles) and the end-users, who are mainly the civil
engineers, needs to be improved and awareness into other useful application of geotextiles should be explored; especially in the agricultural sector in order to prevent
rapid evaporation of moisture from the soil. Indeed, polyolefin geotextiles have
contributed significantly to the successes recorded in the engineering field.
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17.1

Introduction

A polyolefin (PO) is a polymer produced from simple olefinic monomers. POs are
recognized as the largest class of organic thermoplastic polymers [1]. They are
sometimes referred to as commodity polymers because of the amount produced and
consumed worldwide. They are made out of only carbon and hydrogen atoms possessing material properties of being nonpolar, odorless, and nonporous, and they are
often used in consumer goods. They are also referred to as “oil-like,” a term which
refers to the oily or waxy texture of this class of plastic resins [2,3]. These POs are
also commonly known as polyalkene, although “polyolefin” is still an accepted
term in organic chemistry and the petrochemical industry.
POs mainly require three constituents to be synthesized: monomer units or
comonomers units, a catalyst or an initiator system, and a polymerization reactor [4].
Although POs are generally prepared by polymerization of simple olefins, such as
ethylene, propylene, butenes, isoprenes, and pentenes, as well as their copolymers,
they are the only class of macromolecules that can be produced catalytically with
precise control of stereochemistry and, to a large extent, of (co)monomer arrangement [5]. They are not known to include any polar groups in the backbone [6] and
the production of POs by the Ziegler-type catalysts method in the late fifties,
Marvel et al. [7] led to their rapid commercial exploitation because of their attractive characteristics.
POs can be classified based on their structures and monomeric unit, wherein
ethylene-based POs contain majorly ethylene monomeric units, propylene-based
POs contain majorly propylene monomeric units, while higher POs contain higher
olefin monomeric units and PO elastomers [8].
Although POs are very sensitive and ductile, on exposure to severe conditions
such as low temperature or high rate of impact, these diverse properties have the tendency to be modified by advances in engineering; addition of fillers, reinforcements,
or blends of special monomers or elastomers, which overtime tend to render them
Polyolefin Fibres. DOI: http://dx.doi.org/10.1016/B978-0-08-101132-4.00017-5
Copyright © 2017 Elsevier Ltd. All rights reserved.
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more flexible with a variety of their properties improved [9]. They also have lowenergy surfaces that do not allow for painting with inks and spraying with lacquers
without special oxidative pretreatment [3]. These properties make them useful in
structural plastics, food packaging, industrial, and biomedical applications.
In relation to biomedical applications, polyethylene (PE) and polypropylene (PP)
are the most widely used POs and they will be the focus of the chapter.

17.1.1 Polyethylene
PE was first prepared by accident in the 1890s when Hans von Perchman, a
German scientist, was heating diazomethane [10]. The substance prepared was very
unstable and had a seeming waxy feel, thus it was believed to have no industrial
use. But by 1933 the first industrially useful PE was manufactured by Eric Fawcett
and Reginald Gibson at the Imperial Chemical Industries (ICI), Northwich, United
Kingdom [11]. This was also synthesized accidentally from the application of
extreme pressure to a mixture of ethylene and benzaldehyde. However, this process
was not reproducible as a result of the initiation of the reaction by some trace oxygen, which the researchers were unaware of [11,12]. Finally in 1935, Michael
Perrin also at the ICI designed a reproducible method to synthesize PE which
became the basis of low-density PE [13].
Nowadays, PE is a commonly used plastic with millions of tonnes produced
[14]. The generic chemical composition of PE is denoted by the formula (C2H4)n,
as shown in Fig. 17.1, constituting of two methylene (CH2) groups linked by a double bond; the value of “n” can differ depending on the molecular size. PEs are vinyl
polymers, made from homopolymers of ethylene or copolymers of ethylene with up
to 20% of other comonomers, e.g., 1-butene, 1-hexene, and 1-octene.
Branched PE is often synthesized by free-radical polymerization, but the ZieglerNatta polymerization, a method of free vinyl radical polymerization or metallocene
catalysis polymerization techniques can also be used to synthesize PE [1518].
Ethylene-based POs are produced sometimes under low pressure with transition
metal catalysts of various types, resulting in linear chain structures. These materials
include high-density polyethylene (HDPE), medium-density PE, linear-low-density
PE, and other variants by the incorporation of other comonomers, while at other
times they are produced under high pressure, using oxygen or peroxide resulting in
branched chain structures with different levels of crystallinity and densities [19,20].

Figure 17.1 Generic chemical composition of PE.
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17.1.2 Polypropylene
PP was discovered in 1954 by Giulio Natta and its commercial production began
barely 3 years later in 1957 by Montecatini in a plant in Ferrara, Northern Italy
[21,22] and since then the growth of its use has been astronomical. By the late
1950s polymerization of propylene [23] and norbornene [24] were already
employed for the preparation of PP and many other more cost efficient catalysts
were being researched upon.
PP is also a vinyl polymer of propylene made of small regularly oriented units in
a single sequential arrangement with possibility of isotactic, syndiotactic, and atactic stereochemistry occurring as a result of PP having two or more of its molecules
having identical molecular formula [4], with a generic composition shown in
Fig. 17.2A. PP can be made by the Ziegler-Nitta polymerization and metallocene
catalysis polymerization of propylene (Fig. 17.2B); however, unlike PE, PP that is
of commercial relevance cannot be made by free-radical polymerization [15,25].
Today several variants as a result of the synthesis techniques exist, viz: homopolymers, impact copolymers, random copolymers, rubber-modified blends, and specialty copolymers.
By the early 1970s the production of PP was only about a few million tons, but
by the 20th century more than 30 million tonnes of PP was being produced [26],
showing its potential to be a very populous plastic commodity. Today PP is widely
accepted as a thermoplastic polymer, possessing several useful properties, such as
transparency, dimensional stability, flame resistance, high heat distortion temperature, and high impact strength. The ability to manufacture a broad variety of PP
having properties tailored for specific applications is the primary factor in its widespread use.
By regulation and control of the synthesis of POs, possible variations in structure
have overtime been identified. As a result of this control over the structure, alterations to the possible monomer integrated into the growing chain leads to potential
alteration to properties. In addition, in cases where there is adoption of the use of

Figure 17.2 (A) PP structure, showing generic chemical composition. (B) Synthesis of PP
from propylene by Ziegler-Natta polymerization or metallocene catalysis.

520

Polyolefin Fibres

comonomers, usually ethylene; the provision of POs with varied properties exists.
This provides the potential for POs with lengthy chain-structural and tunable parameters, such as morphology, thermodynamic properties, processing methods, and
applications to be produced.

17.1.3 Other polyolefins
Alpha (α) olefins are from a family/class of organic compounds consisting of an
alkene with a generic formula CxH2x. There are mainly two forms: linear and
branched alpha olefins with distinctive chemical properties. Linear α-olefins are the
most widely used class of higher olefins, with the alkene group usually existing at
the terminal end of an alkyl chain (Fig. 17.3), the double bond present at the alpha
position makes α-olefins a very reactive compound. This characteristic reactivity
enhances its application in reducing the surface tension of a liquid in which it is dissolved, as well as in lubricants, cleaning materials, and other chemicals. Linear
α-olefins are formed most commonly by the oligomerization of ethylene [27],
although other preparation methods, such as alcohol dehydration [28], wax cracking
at high temperatures [29], and the process of FischerTropsch synthesis followed
by purification [30] exist. The preparation of PE has mostly employed short chain
linear α-olefins and overtime these linear α-olefins dominance in the market has
come about as a result of several advancements made in processes involved in the
production and conversion of ethylene and propylene. Several ranges of linear
α-olefins exist. They are 1-butene, 1-hexene, 1-octene and higher, with increasing
hydrocarbons existing and in the year 2006 alone, the commercial value of linear
α-olefins was approximately 4.3 million tons with projections of about 3.5%
increase by the year 2020 [31].

17.2

Biomedical applications of polyolefins

Several applications of POs exist as a result of the ever varying properties of their
particular subunits: monomer, comonomers, the catalyst or initiator employed, and
the polymerization technique used in the synthesis of the PO. PP and PE have biomedical applications and they will be highlighted under the following subheadings.

Figure 17.3 Structure of a linear α-olefin.
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17.2.1 Medical implants and devices
Year after year several patients seek for improvements to the quality of life through
surgeries involving medical devices and implants. An implant is a term used to connote devices that aid in the replacement or acting as a part of or entire biological
structure [32]. The introduction of innovative orthopedic implants has been the
focus of many researchers and several policy discussions have been made following
the revelation of below par findings in previous techniques employed involving varied articular alternates in hip replacements [3337]. The failings were identified
and the researchers emphasized the necessity for more thorough examination and
results showing evidence to support the researches [3439].
Overtime, polymeric materials have been rapidly replacing other materials for
use as medical implants and devices because of their innate superior properties. In
more recent times, synthetic polymers have become the material of choice for
implants because of their ease of production, availability, and versatility of manipulation [40]. Their applications range from facial prostheses to tracheal tubes, from
kidney and liver parts to heart components and from dentures to hip and knee joints
[32] (Fig. 17.4A).
But for use as medical implants, these polymer materials are required to possess
certain qualities to be regarded as ideal for use in these techniques [41,42]. The

Figure 17.4 Examples of hip and joint implants using UHMWPE-based materials.
Source: Adapted from Google images.
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following are the requirements of the polymer biomaterials for adequate performance as medical devices and implants.

17.2.1.1 Biocompatibility of biomaterials
The success of an implant is determined by reactions between the implant and the
environment it designed for. Biocompatibility of a polymer implant refers to its
ability to perform its desired function with respect to a medical therapy, without
causing any detrimental local or systemic effects in the recipient of that therapy but
producing the most suitable and valuable cellular or tissue response in that specific
situation and optimizing the clinically relevant performance of that therapy [43].
Biocompatibility studies on an implantable device require complex experiments
both in vitro and in vivo in order to test the local and systemic effects of the material on culture cells, tissue sections, and the whole body [4446].

17.2.1.2 Design of biomaterials for ease of manufacture
In the design of materials for prostheses implants a powerful analytical tool—finite
element analysis was employed [47]. This is utilized in order to guarantee the much
required quality needed in the manufacture of orthopedic implantation devices.

17.2.1.3 Properties of polymer employed
The innate properties of the polymer material employed go a long way in interpreting the characteristic of the medical implant. But as synthetic polymers, care has to
be taken to analyze resultant properties as a result of blends of similar or dissimilar
materials. Properties relating to improved tensile strength [48], elastic modulus
[49], yield strength, storage modulus, corrosion resistance [50], fatigue [49], creep,
and hardness are but a few of the properties to be monitored, as all these properties
depend on the location of application.

17.2.1.4 Implant stability
As medical implants, care has to be taken to consider the biomechanical stability of
the material employed for use as an implant [47,51]. The stability of an implant refers
to the absence of clinical mobility, invariably describing a state of osseointegration
[52,53]. This stability is positively related with an effective implant integration and
long-term successful clinical implantation. A situation of instability could result in
possible fibrous encapsulation with resultant failure of clinical implantation [54].
Two kinds of implant stability should be distinguished, viz: the primary stability
arises at the moment of implant surgery. It is an occurrence of biomechanical nature
linked to bone quality at the implant site, which is a required condition to attain the
implant osseointegration. On the other hand, secondary stability is attained after a
specified healing period and relates to the initial stability reinforced by newly
formed bone production and maturation at the boundary of the bone and the
implants [5558].
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17.2.1.5 Aseptic loosening and resistance to wear
Overtime, aseptic loosening and resistance to wear have been identified as major
lapses experienced by implants after long terms [59,60]. Aseptic loosing is known
to occur when there is a failure of the bond between an implant and bone when
there is no infection. Thus care has to be taken when dealing with materials for
medical implants, therefore they need to be examined well enough in order to deal
with long-term implantations without them being worn out or becoming aseptically
loosened.
Several researchers have utilized both PE and PP as support systems for the production of medical devices and implants, taking into consideration these ideal properties of these important polymer materials. As support systems in the form of
blends with other materials, PE and PPs have overtime become the polymer material of choice that researchers have extensively dwelt upon.
As far back as the 1960s, ultrahigh molecular weight polyethylene (UHMWPE)
has been a polymeric material used in medicine [32]. UHMWPE is highly resistant
to corrosive chemicals and has extremely low moisture absorption, very low coefficient of friction, characteristic of selflubrication, and high resistance to abrasion.
UHMWPE emerged as a bearing material in many joint replacement devices, in
knee and hip surgical replacements. The use of UHMWPE in the past decade has
been on the increase in its usage as fibres for sutures, where maximum strength and
minimum weight are required [61].
In recent years, attention has turned to the design of porous implants. The primary vantage of porous materials is that they allow for tissue ingrowth [62].
Researchers have identified a porous PE implant made of HDPE. This implant
allows fibrous and conductive tissue ingrowth and has been established to prevent
infection after implantation [6365]. Porous high-density PE, marketed in the
United States under the trade name Medpor, has been reportedly researched upon
by various scientists and positive findings have been reported. Liu et al. employed
this implant for the reconstruction of cranial base in skull-based surgery [66], while
Park and Guthikonda showed successful replacements of sellar floor after hypophysectomy and during cases of cerebrospinal fluid leak [67]. HDPE has also been
employed to fill in temporal defects after reconstructions in the head and neck [68].
For orbital implantation in orbital fracture repair, these medpor implants have been
safely employed, viz: to repair lower eyelids retraction defects [6971], to repair
orbital floor and wall fractures [7281], for safe nasal implants in rhinoplasty and
septoplasty cases, aiding in the repair of deformities or defects and narrowing of
airways [82,83], ear prefabrications and auricular related repairs such as microtia
repairs [62,8486], and thyroid and tracheal reconstructions and mandibular reconstructions [8790].
PP also has been used as a mesh for biomedical implant purposes since the late
1950s [91,92]. PP synthetic meshes have in more recent times become the reference
material for surgical procedures involving pelvic organ prolapse (POP), a condition
common after child birth amongst more than 50% of women [93]. Researchers
have shown that the POP is either caused by excessive pressure within endopelvic
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fascia or fascial disruptions that require appropriate in situ reinforcements [94].
These PP meshes have been employed in vaginal mesh repairs and implantations
[95101], treatment of complete quadriceps rupture after total knee arthroplasty
[102], breast implant reconstructions [103106], heart valve structures and sutures
[107112], hernia repair and abdominal wall repairs in the forms of xenografts and
allografts [97,113125], as well as aiding as medical devices for stress urinary
incontinence [126133] (Fig. 17.5).
Although positive findings have come about from the use of both PP and PE as
implants, after long-term implantation, quite a number of complications and safety
concerns have been debated in cases where they have been employed. Although
these have been of quite low incidences, several researchers have revealed that
there were instances when the use of PP meshes for implants resulted in mesh erosion or degradation [134139] and infections, with symptoms dependent on the

Figure 17.5 (A) Illustration of the knee demonstrating docking of the PP mesh into the
proximal tibia with cement and screw fixation lateral to the tibial tubercle. (B) Locking
Krackow stitches were initially passed from proximal to distal into the viable tissue medial
and lateral to the patella. The mesh was drawn up the lateral side of the patellar tendon and
woven through the repair site which was initially fixed with the locking Krackow stitches.
Small slits in the tendon were created with electrocautery to help passage of the mesh being
careful not to disrupt the previously placed Krackow stitches. The mesh was then passed
proximally up the medial side of the tendon and again woven through the proximal portion
of the quadriceps. The mesh was then passed down the lateral side of the tendon and sutured
to itself. Nonabsorbable number-one stitches were placed at the corners of the mesh for a
more secure fixation. (C) A cross-sectional illustration of the repair at the tear site
visualizing the weaving of the mesh through the repair site.
Source: Adapted from Nodzo SR, Rachala SR. Polypropylene mesh augmentation for
complete quadriceps rupture after total knee arthroplasty. Knee 2016;23(1):17780.
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locale of implantation; vagina-dyspanreunia, persistent bleeding; bladder/urethra—
dysuria, increased urine frequency, uninary fistula, and recurrent urinary tract infection [140145]. Other cases involving conditions of pain getting severe have been
reported, as well as urinary and fecal incontinence and cases of prolapse occurring
at a later stage in previously unaffected locales [146]. Cases of infections and degradation on long-term implantation have been reported with PE use however of low
incident rates [147153].

17.2.2 Pharmaceutical consumables and packaging materials
Pharmaceutical packaging is the term used to refer to the process of collection of
items concerned about a certain pharmaceutical product for a later use. It encompasses the entirety to keep the pharmaceutical product unaltered in the packaged
form until its eventual unpacking by the patient [154,155]. The ability to have a
product packaged effectively is very essential with pharmaceutics because of several possible challenges and defects to the pharmaceutical product associated with
poorly packaged products.

17.2.2.1 Challenges linked with poorly packaged products
17.2.2.1.1 Product containment
The significant essence of packaging pharmaceutical products is to avoid alteration to
the product and adulteration of the product; enabling the product to be used by the
patient in the form which the manufacturer intended. Special care should be taken so
that the packaging material does not alter the formulation of the pharmaceutical product [156], avoiding the potential diffusion or possible permeation of the product.

17.2.2.1.2 Possible contamination
These packaged products need to be protected from external influences that could
cause possible denaturation or alteration of the products. In cases where the products may not be packaged properly, it could lead to possible contamination.
External influences in the form of exposure to light could affect the effectiveness of
photosensitive products, moisture, biological contamination, or possible mechanical
damages to the product within the packaging.
In more recent times the widespread adoption in the increased usage of intravenous, transdermal, and inhalation methods of delivery of pharmaceutical products
have impacted on the packaging industry’s requirement to provide precise packaging solutions to aid the efficacy of these new techniques [157].
PE and PP have been very popular as pharmaceutical packaging materials
[158160]. By using the aseptic blow-fill-seal (BFS) technology which has been
employed since the early 1930s, these POs have been utilized to manufacture plastic pharmaceutical packaging. The BFS technique is a widely accepted process of
packaging plastic container formation wherein the process of forming the plastic,
filling the container with the product, and the sealing of the container all occurs
uninterrupted within a sterile environment and on a single machine [161164].
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Studies have shown that the technique have up to one-tenth contamination rates
when compared to other aseptic techniques [161], with significantly lower external
particles in the packaging containers [163].
Both PE and PP have overtime been useful in the manufacture of many
pharmaceutical consumables by a technique known as injection blow molding. It
is the most common technique for the manufacture of plastics worldwide [165]
utilizing a filling, packing, and cooling phases for the injection cycle [166169].
Other techniques that have been employed include compression molding [170],
blow molding, structural foam molding, rotational molding, extrusion, cast film
extrusion, blown film extrusion, and structural web molding [171,172]. These
plastics have been employed in the design of vent bags [173] and both POs have
been utilized. PP is quite more sensitive to radiation and is rather employed as
sealants for use in steam sterilization techniques [173], disposable gloves
[174176], disposable syringes [177,178], test tubes [179], vials [180182], bottles and caps as shown in Fig. 17.6.

17.2.3 Future trends
There is an ever increasing demand of polymers in the biomedical industry because
of the advancements in medical procedures, increasing demand for the medical

Figure 17.6 Blow-fill-sealed examples of PO packaging materials.
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procedures, and the rising incidences of health issues. As a result of this spike in
demand, there is a proportional increase in the costs of materials, thus identification
of cheaper alternatives has become paramount to the healthcare system of many
nations globally.
Innovation to design materials that not only provide better performance, but also
have numerous applications has become the inclination. POs have become the
sought after substitute when compared to various other materials, due to their
capacity to be fashioned with excellent properties and still retain their cost
effectiveness.
Today, POs are an integral part of many pharmaceutical packaging solutions and widely used in medical devices as discussed in previous sections.
But, with the global need for continual reduction in overhead costs, utilization
of recyclable materials and the duration of time and investment required to be
able to develop usable materials, continual innovations will be always
necessary.
With these trends, the advancements in nanotechnology, utilization of
nanoscaled materials and the demand for more miniature medical devices, the
volume of utilization of polymer materials may be restrained in the near
future.
In order to continue to be a key material of choice, new PO materials
have to continually keep being developed because apart from increasing
production efficiency of pharmaceutical packaging and medical devices,
reduction of costs matching regulatory requirements with a reduced environmental footprint are further up-side potential benefits from their use in new
applications.

17.3

Conclusion

The biomedical applications of POs have increased over the years and this is
attributed to their unique properties such as biocompatibility, affordability, recyclability, readily availability, enhanced mechanical properties, and their preparation is from nontoxic monomers, etc. However, their use is very significant in
packaging than in biomedical applications because of their hydrophobicity and
nondegradability. They have been investigated and employed as medical implants
with improved therapeutic effects. However, there have been some reported cases
of side effects associated with POs in biomedical implants. The method of disposal of products that are formed during their degradation in the human body is a
pressing limitation in biomedical applications. Reports on the biomedical applications of POs suggest that they are potential biomaterials and continuous research
to overcome their limitations will produce novel biomedical implants with outstanding therapeutic effects.
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18.1

Introduction

A polyolefin is any of a class of polymers or copolymers produced from simple
olefin hydrocarbons (also known as alkenes with a general formula CnH2n). For
example, polyethylene (PE) and polypropylene (PP) are obtained from their respective ethylene and propylene hydrocarbons. Polyolefin is the largest class of organic
thermoplastic polymers. They are nonpolar, odorless, nonporous materials that are
often used in food packaging, industrial products, consumer goods, structural
plastics, and medical applications. As a result, they are also called “commodity
thermoplastics.” PE and PP are the world’s most widely used commodity plastics.
The market for these polymers is expected to grow at a compound annual growth
rate (CAGR) of 4.4% and 4.7%, respectively, with PE having a share of about 36%
of the total world plastics market, whereas PP has a share of 20%. PP polymer leads
the global spectacle in the nonwoven industry with more than d2 billion used in
spunbond alone. Yet, fibre spinners, yarn producers, knitters, and woven fabric producers sometimes overlook the opportunities, properties, and use, especially in textile industry.
At present, Asia-Pacific is the leading polyolefin’s market, attaining more than
45.3% of the global market. The region has enormous installed plant abilities of
polyolefins. The market is promising in various countries, such as India, Brazil,
China, South Korea, Saudi Arabia, Brazil, etc. due to the increasing industrial
growth. The growth in the industry is largely driven by the packaging and construction industries. The “olefin fibres” are defined as manufactured fibres in which
fibre-forming substances are any long chain polymers composed of at least 85% by
weight of ethylene, propylene, or other olefin units, based on the US Federal Trade
Commission [1].
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Table 18.1

The common polyolefins and typical uses

S. no.

Polymer type

1

HDPE

Bottle caps, fuel tanks, plastic bottles,
etc.

2

LDPE

Liquid containers, tubing, plastic wrap,
etc.

3

PP

Carpet, hinges, auto parts, piping,
roofing, etc.

4

EPDM

Seals, electrical insulation, roofing, etc.

18.2

Recyclable
symbol

Examples of uses

Common types of polyolefins polymers

Polyolefin polymers are some of the most prevalent plastics used today and come
in various types, viz:
1. Polyethylene (PE) with subgroups
a. High-density polyethylene (HDPE)
b. Low-density polyethylene (LDPE)
c. Linear low-density polyethylene (LLDPE)
2. Polypropylene (PP)
3. Ethylene propylene diene monomer (EPDM)

Table 18.1 gives a quick look of the broad-scale distribution of these materials,
ranging from day-to-day household use to specialized industrial applications. Most
of them derive significant benefits of their resistance to heat and an array of common solvents, making the materials economical for many tough high wear
materials.

18.3

Structure, properties, and applications of
polyolefins

The structure of polyolefins is recognized by a number of intramolecular interactions,
which combine to generate a wide variety of materials. Even PE, the simplest polyolefin, can form various conformational structures of macromolecular chains, which in
the solid state, is believed to have different states of intermolecular order. Technical
PEs differ by the degree and quality of branching, whereas, monomeric units of PP
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Figure 18.1 PE conformational structure.

and of the higher poly-α-olefins (except polyisobutylene) having an asymmetric carbon atom, with the result that the macromolecules can differ in the ordering of these
asymmetric centers in the chain-in stereoregularity. Together with conformational
structure, stereoregularity determines the structure of the macromolecules in the liquid
state and also affects the crystalline structure in the solid state [2,3].

18.3.1 Structure of polyethylene and polypropylene
According to experimental and theoretical measurements, in PE solutions, about
65% of monomeric units assume the anti and 35% the gauche conformational forms
(refer Fig. 18.1). The conformational structure of PE in the melt state is similar to
that in solution; this is may be due to the polymer chains behaving in the same
manner as in different solvents [4]. In contrast, the situation is different in solid PE.
PE is one of the so-called semicrystalline polymers, and so, the presence of three
phases normally is considered, i.e., crystalline, amorphous, and a third phase with
different designations, which is best characterized as a phase with partial anisotropy
of the PE chains. Furthermore, the X-ray studies revealed that the PE has orthorhombic crystalline form, and the chains assume the planner zigzag ttt conformational structure [5]. However, one unit cell contains two PE chains, and this
observation is also manifested in its FTIR spectroscopy, where many bands displayed characteristic doublets due to various vibrational dipolar interactions of PE
chains [6]. Numerous crystalline modifications of PE have been reported, but they
differ from the most stable orthorhombic form, only by minor changes in the ordering of chains in the unit cell [2].
Due to the presence of a methyl group on very second carbon atom in PP polymer chain, the structure of this polymer can described in terms of three basic
forms: i.e., isotactic, syndiotactic, and atactic (Fig. 18.2). The mechanical and
physical properties of PP depend on the tacticity because PP is a typical polymer
whose properties are profoundly affected by stereoregularity. Isotactic PP is developed with numerous modifications of ZieglerNatta coordination catalyst, generating polymers with various degree of stereoregular order, with isotactic form
reaching up to 98%. However, an isotactic material has a combination of properties, i.e., high melting point, high mechanical performance as a consequence of
crystallinity, good workability—that make it the commercially most important
form [7]. Syndiotactic PP is synthesized with soluble coordination catalyst, and
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Figure 18.2 The structure of isotactic, syndiotactic, and atactic of PP.

the stereoregularity obtained is usually lower than that of the isotactic polymers.
Atactic PP can be attained by extraction with boiling n-heptane from isotactic PP
of lower stereoregularity [2]. Furthermore, syndiotactic PP is a rubber-like material with the most important applicability, whereas atactic form is a useless sticky
material [7].

18.3.2 Properties of polyethylene and polypropylene
Generally, polyolefins are opaque when thick and transparent, and when they are in
the form of film, they appear as milky white and waxy to the touch. Even though
regularly used as packing or as a container, polyolefins are not absolutely resistant
to air, water, or hydrocarbons, but this suggests the concept of time and amount of
loss allowed. PE and PP are partially crystalline at ambient temperature (25 C) and
above their glass transition temperature, thus their uncrystallized phase is rubbery.
The glass transition temperature of PP is very close to ambient temperature.
Furthermore, low-density PE (LDPE) is more sensitive to creep than high-density
PE (HDPE) and PP (more crystalline) at ambient temperature. Polyolefins are more
subtle to alignment, i.e., the mechanical properties are enhanced as far as the
macromolecules are concerned, in the direction of the stress. For these crystalline
polymers, cuts reducing shock resistance should be avoided. The paraffinic nature
of PE (especially HDPE) makes it a material with good frictional properties.
For chemical properties, polyolefins have very good chemical stability. They are
basically insoluble at temperatures below 60 C, and they are relatively less offered
by acids (except for oxidants), nor bases, nor salt solutions. Polyolefins are
completely insoluble in water and even have little affinity for water. Hence, they
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are familiar as being practical for food-packaging applications. PPs are very subtle
to hydrocarbons and to the action of UV rays in the presence of oxygen (air); nevertheless, there are actual photostabilizers, for example, black carbon and the ultimate
use of a black dye.
For electrical properties, polyoefins are outstanding electrical insulators for
numerous ambient environments. This clearly explains their tendency to have
electrostatic properties. Polyolefins have a very high resistivity and dielectric
constant/strength. For example, the low dielectric loss factor (tan δ), which represents the energy lost, converted to heat in the dielectric prohibits high-frequency
welding.
For their thermal properties, PE and PP are easily burn, even though the igniting
flame is no longer available, with a bluish flame and they “drip.” Furthermore, carbon monoxide (CO) and small quantities of hydrocarbon are formed during incomplete combustion (fire). Generally, polyolefins are rated HB by UL94, and some
flame retardant grades of PP can be VO or V2. The glass transition temperature
crossover is all the less subtle when the polyolefin is more crystalline, as HDPE
and PP.
For their printing and marking properties, in general, polyolefins have a surface
on which adhesion is very difficult. However, individual manufacturing industry
offers a solution and a surface research for painting; printing marking; and even
vacuum-system metallization are available. Furthermore, the polyolefins are pleasurable to the touch, and certain copolymers are particularly delivered for “pleasant
contact” applications (handles, grips, etc.).
For implementation properties, polyolefins are very problematic to glue
together. It is indispensable to transport a flame-type surface planning or chemical
reactions. Infrared (IR), contact, ultrasonic, or hot-air welding are no problems
with polyolefins, whereas an induction welding (high frequency) is not more applicable directly as the energy for scattering over the materials, is inadequate for heating it. This disadvantage can be overcome by embedding an inorganic metal
incorporated into the material, which in turn melts the polyolefin to be welded in
the plane of the joint.
For dimensional properties, polyolefins stability is self-regulating at the door of
humidity [(low ,0.2%) (little affinity of water)]. As a result of the highly crystalline nature of polyolefins, particularly HDPE and PP polymers, they undergo wide
retraction when they are molded.

18.3.3 Applications of polyolefins
Polyolefins are extensively used in numerous applications since the 1950s, after the
discovery of ZieglerNatta catalyst, which makes it easier to synthesis them at low
cost and high yield and better molar mass control. Nowadays, polyolefin materials,
found in industry, include PE and PP. PE is mostly in plastic grocery bags and
shrink wraps, whereas PP is a hard plastic resin that is used in carpeting, food packaging, and dishwasher-safe plastic food container. The demand for polyolefin-based
heat shrink tubing has continued to grow in the protection of wires and new
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electronic components. Furthermore, amorphous poly-α-olefin is used as a raw
material in hot-melt adhesives in film and foil applications, e.g., industrial foils
(biaxially oriented polypropylene, cast polypropylene), multilayer films, cling films,
greenhouse foils, polyolefin compounds, and master batches and adhesive layer in
protective foils. These products have advantages, such as flexibility, very good
compatibility with polyolefins, which significantly reduced glass transition temperature and easy recyclability.

18.4

Hygienic

18.4.1 Define the term hygiene
The term hygiene is derived from the Greek word Hygeia ! the goddess of health.
Hygiene is basic obstructive science in medicinal field. This field of science discovers all dates of theoretical and clinical regulations in the field of prophylaxis,
combines knowledge’s regarding complex influence of an environment for health
of the human beings, work out basic ideology and systems of preventative methods.
In general, the hygiene is a concept relevant to health and medicine, as well as to
cleanliness, personal, and professional care preparations relevant to the wide aspects
of living. Schematic representation of hygienic awareness is shown in Fig. 18.3.
Further definition of hygiene is, the maintenance health and prevention of diseases,
particularly by being clean and sanitary. According to the World Health
Organization (WHO), hygiene refers to conditions and practices that help to maintain good health and prevent the spread diseases [8].

18.4.2 Introduction
A good hygiene suggests a reasonable level of loyalty to high standard of health
maintenance, especially personal cleanliness. This idea is a comparatively modern
historical event, even though hygiene, as health practices, has its roots in olden
days. Generally, the hygiene concept came from maintaining the internal harmony
of the body and the steadiness between the body and the atmosphere in which it
lives. This is according to the European revival of the classical idea of hygiene as a
set of practices targeted to maintain the specific balance with internal and external
atmosphere preserved. Earlier to the modern period, however, hygienic suggests
only the richest members of the society have the economic resources or leisure to
follow hygienic rules, whereas in the late conventional time, the Greek Physician
Galen gave individual suggestions regarding the hygiene of infants, and he did
some writing on hygiene and disease inhibition that mainly worried the adults [10].

18.4.3 Hygienic importance
Access to enhanced sanitation and water facilities does not, on its own, inevitably
directed to enhanced health conditions. There is now very crystal clear evidence
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Figure 18.3 A poster to raise awareness about the importance of clean water for good
hygiene (a poster designed for use in Asian countries) by CAWST [9].

displaying the importance of hygienic activities, especially hand-washing with soap
at crucial times: before preparing food or before eating and after defecating. Handwashing with soaps can significantly minimize the happening of diarrhea, which is
the second leading cause of death amongst children under 5 years old. Indeed recent
studies suggest that regular hand-washing with soap at crucial times can minimize
the number of diarrhea attacks by almost 50%. Good hand-washing practices have
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Figure 18.4 (A) A hand-washing station at a UNICEF-provided school in Central African
Republic, (B) Hand-washing mural at a hospital in Monrovia, Liberia [12], and (C) Girls
wash their hands outside a UNICEF-provided latrine in central Afghanistan (sources from
UNICEF) [11].

also been shown to minimize the happening of other diseases, particularly trachoma, skin and eye infections, pneumonia, scabies, and diarrhea-related sickness,
such as cholera and dysentery. The promotion of hand-washing with soap is also an
important strategy for controlling the spread of Avian Influenza (Bird Flu) [11].
The importance of hand-washing with soaps is to recommend behavioral change
through information, motivation, and education. There are a wide variety of routes to
do this, including peer-to-peer education systems, high-profile media awareness, and
hygienic lessons for children in schools, colleges, and universities, and the encouragement of children to demonstrate good hygiene to their communities and families.
However, when people are also encouraged to practice of good hygiene particularly
hand-washing with soap, health advantages are significantly improved. As a result of
the importance of hand-washing with soap, UNICEF has made it a high priority program (refer Fig. 18.4). Another important factor to note is that, if there is no water,
there is no hygiene. Many researches have proven that the lesser available water is,
the less likely that good hygiene will be practiced in households [12].

18.4.3.1 Hygienic properties
Managing your personal hygiene is important not only to look and smell your best
on a daily basis but also to prevent the onset and spread of infectious diseases.
Taking the proper precautions can help you avoid getting sick and passing illnesses
on to those around you. The schematic illustration of various basic hygiene properties are shown in Fig. 18.5.
The unique properties of polyolefins make them the excellent candidates for one
time use water filters, medical textiles, and healthcare products. Most of the polymeric materials and medical textiles are better media for preventing harmful diseases that come by microbes with long life. Use of medical devices with
antimicrobial properties has been considered as major task to prevent microbial
infections. Furthermore, suitable packaging can slow the deterioration rate and,
hence, extend the shelf-life of food. Physical and chemical incorporation of
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Figure 18.5 Schematic illustration of basic hygienic properties.

antimicrobial agents into polyolefins can be implemented in common polyolefin
processing. Many studies are reported with properties of surfaces, which in turn,
affect the adhesion of bacteria or microbes and prevent to cleansing. For instance,
Teixeira et al. reported an effect of Salmonella typhimurium (ST) adherence to various hydrophobic and rough materials. Along with polyolefins, the hygienic materials must have surface modification, such as: various surfactants, detergents and
disinfections might be affecting the hygienic properties.

18.5

Hygienic applications

18.5.1 Adhesion applications
Polyolefins have been a significant part in our daily life, in wide variety of applications since Carothers reported a laboratory-scale process [13] and ICI reported a
commercial process [14]. However, ZieglerNatta [15,16] catalyst dominated most
of the commercially manufacturing technologies, including PP, PE, and α-olefins
copolymer until the 1980s. In the mid-1980s, the use of zirconium-based catalyst
enabling larger comonomer incorporation with smaller molecular weight monomer,
in order to generate isotactic and syndiotactic PP, opens the door for a wide variety
of applications. Further development in polyolefins was based on the zirconium catalyst technology and controlled geometry, enabling high activities for ethylene and
α-olefins copolymerization and resulting in long chain branching, constrained
monomer distribution, and thus enhanced elastomeric and processability features
[17]. Even though very few of the newer metallocene (metal)-based polyolefins
exhibit very interesting features and performance qualities, the adhesives industry is
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still subjected to the use of conventional polymers, such as ethylene vinyl acetates,
styrenic block copolymers for the majority of hot-melt adhesive applications,
including hygiene, case, and carton packaging applications. In the last couple of
years, a wide variety of polyolefin-based hot-melt adhesives have been introduced
into the market. One of the significant disadvantages of conventional polyolefinsbased adhesives on the market, is the lack of robustness is explained in detail by
Rajesh Raja [18]. According to his studies, the conventional polyolefins on the market still lack the robustness in activity when compared with the respective workhorse polymers. A novel amorphous polyolefins are needed for the proprietary
process that can used for a wide variety of different applications to achieve the
desired properties.

18.5.2 Automotive application
Since last 20 years, the polyoleins in automobile industry have experienced a great
deal of attention, and their application enormously increased with tendency of further growth, when compared to the other materials used as automotive parts. The
polyolefin materials have good functionality; low-cost manufacturing process and
comparatively lower fuel consumption are major advantages of these materials used
in automotive applications. In automobile industry, the polyolefins can be used in
the external and internal area, particularly in the engine part and in the body work.
Furthermore, polyolefins have very smooth surface and can be shaped whatever
you required comfortably, chemically resistant materials, lighter than metals and
glass and are also good insulators. All these good properties make the polyolefins
more popular in the field of automotive industry [19]. The global automotive sales
growth has exhibited steady increase since 1975 with a rate of approximately
2.43.6%/yr. According to sales of global outlook, the China has become the No. 1
fastest growth, global automotive market [18].
The huge demand for lightweighted materials in automobiles is gradually
increasing the performance owing to reduce fuel consumption. Polyolefins functionality, low-cost manufacturing procedures, and relatively lower fuel consumption are significant factors in order to choose these polyolefin materials [20].
The use of polyolefins in automobile industry can minimize the weight, fuel, and
has also offered comfort and safety. All polyolefins has nonpolar and nonporous
features unless exposed to unusual oxidative pretreatment. The low-energy surface behavior of the polyolefins has another important feature to use in automobiles. PE and PP are two most significant and common polyolefins extensively
used in various automotive parts manufacturer due to low cost. The use of polyolefins in automotive industry has tremendously increased since the last three decades due to their low density, cost-effective, low weight, well abrasion, and
weathering resistance as well as good chemical resistance nature. One of the
major advantages while using polyolefins is that they can be easily processed
like thermoplastics in order to maintain the elastic and flexibility characters of
elastomers [21].
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18.5.2.1 Polyethylene in automotive applications
PE and its composites are extensively used in automotive and construction sectors
due to their remarkable cost-effective ratio, low weight and density, excellent flexibility, recycling characteristics, and improved weathering resistance as well as better chemical resistance. The basic functions of PE materials used in automobiles are
mainly protected from noise, vibration and high impact strength and also thermal
insulation, etc. Numerous PE materials are available now in market, out of which
ultrahigh molecular weight PE (UHMWPE) is an key material for many wear parts,
particularly in machinery and equipment due to light weight and high tensile
strength [22]. Furthermore, the remarkable durability and versatility of these PE
make it most attractive for designers and engineers in almost all industrial sectors.
The use of this PE improves the efficacy and durability in automotive and railway
applications due to their remarkable wear and friction.
Another important class of PE is HDPE, which has high mechanical strength and
good wear resistance to make it important advantages when compared to other conventional materials. HDPE can use in numerous construction and equipment sectors
due to their better wear, chemical, and abrasion resistance as well as tremendous
sliding properties. It is interesting to note that the major part of the PE applications
is characterized wholly by HDPE. In 2007, the global HDPE depletion reached a
volume of more than 30 million tons. This preference of HDPE over other materials
is due to remarkable power resistance, light weight, low density, low moisture
absorption behavior, high tensile strength, etc. The PE used in various automotive
parts is shown in Fig. 18.6.

Figure 18.6 Polyethylene applications in automobiles, (A) interior trim and dashboard, (B)
wiring and cables, (C) bumper, and (D) external parts.
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Figure 18.7 Light weight PP automotive parts.

18.5.2.2 Polypropylene in automotive applications
PP plastic offered remarkable chemical resistance, purity, and it is the only one
light weight polymer when compared to all conventional plastics. Nowadays, PP
provides innovative solutions for many drawbacks came from automotive industry.
The low-density PP material compared to other conventional materials noticeably
important contributes to fuel economy and drastically reduces material costs.
Furthermore, the PP is most important thermoplastic material in automobile industry due to better noise vibration and harshness features, which improves the passenger comfort [23]. However, the PP nanocomposite has showed better mechanical
properties, such as high tensile strength and modulus and their dimensional stability. The PP nanocomposites are extensively used in automobile industry as instrument panel, body panel, battery supports, front-end modulus, electronic boxes,
pedals, door panels, underbody aerodynamic covers, bumper beams, wheel covers,
hub caps, fender extensions, and trim rings for wheels (Fig. 18.7).

18.5.3 Diapers (nappies)
In a diaper, an absorbent pad is located in between two sheets of nonwoven fabric
materials. The diaper pad is specially formulated to absorb and retain body fluids,
and the nonwoven materials give the comfortable shape and minimize the leakage.
These disposable diapers are made via a multistep process, in which the absorbent
pad is first vacuum-formed and then attached to a porous (permeable) top sheet and
nonporous (impermeable) bottom sheet. These components are held together via
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Figure 18.8 Polyolefins materials used in diapers [24].

heat or ultrasonic vibrations. Elastic fibre materials are attached to the sheets to
hold edges of the disposable diaper into comfortable shape, so that it fits securely
around the baby’s legs and crotch, and hence, the diaper will retain body fluids,
which pass through the permeable top sheet and are absorbed into the pad. For
instance, PP is typically used as a material for the permeable top sheet, whereas PE
is a resin of choice for impermeable back sheet. The schematic illustration of polyolefins used in diapers is shown in Fig. 18.8.
As seen in Fig. 18.8, PE is used as the back sheet, which prevents the fluids
from leaking out of the diaper. The back sheet can also be given a
comfortable look, cloth-like sheet, by adding a thin PP nonwoven sheet to the diaper film, using either heat, pressure process, or hot-melt process with direct extrusion to the nonwoven. In contrast, the cloth-like back sheet is not cloth, but it’s
made from plastic. Although PP was used as top sheet because of its hydrophobic
nature, it prevents water from leaking through without adding any surface surfactants. If a surface surfactant is applied, which is to restrict the area, it is possible to
make a roll of hydrophobic nonwoven that is only partially hydrophilic. This process is known as the Zebra technique, and it is significantly an important aspect to
evade leakage during leg cuff erection.

18.5.4 Disposal hygienic application
Generally, disposable hygiene products contain absorbent filler, which is protected
on its outer face by liquid-proof polyolefin film and covered internally with a film
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of nonwoven materials, which is usually PE. The nonwoven material directly contacts with skin and allows body fluids to discharge toward the filler. Many complex
products may in addition contain an elastic rod, leak proof barrier, a wetness indicator, or be made completely of biodegradable products. The hygiene adhesive must
have a high degree of adhesion properties, because they are regularly applied in the
form of a number of strips, like spray pattern. The polyolefin disposable materials
or other two types (pressure and nonpressure sensitive products) depend on the type
of applications [25].
In earlier times, diapers were simple: a square of hemmed cotton fabric fastened
with safety pins. It was their application that was complicated, requiring storage
(particularly challenging in their postuse state), industrial laundries to turn used
cloth diapers back into new diapers, and a sophisticated home pickup and delivery
system. Today’s absorbent hygiene disposables—diapers, adult incontinence products, feminine hygiene products, and medical drapes and gowns—are now simple
and effective to use, but that simplicity is only made possible by the complexity of
the products themselves.
Their effectiveness and ease of use depends on a multilayer architecture of nonwoven fabrics, PE films, superabsorbent polymers (SAP), fluff pulp, strategically
placed elastics, and built-in fasteners, all held together with specialized adhesives.
Identifying the best adhesives for the job is critical for the function of the product
and to its economical manufacturability. There are several options for bonding multiple materials into a finished absorbent product. A few specific applications can
use ultrasonic methods, but that equipment is expensive to buy and maintain; the
technology is not very flexible, speeds can be limited, and not all materials are
suitable for ultrasonic bonding. That being said, adhesives are by far the leading
choice of bonding technology.
The polymer is the backbone of the adhesive. Adhesives can be formulated to be
based on one of the three primary polymer technologies:
G

G

G

Styrene block copolymers (SBC)—These are the synthetic rubber-based adhesives polystyrenepolybutadienepolystyrene (SBS) and polystyrenepolyisoprenepolystyrene
(SIS)
Amorphous poly-alpha-olefins (APAO)
Metallocenepolyolefins (mPO)

All three technologies are used in the formulation of hot-melt adhesives used in
the construction of absorbent hygiene products. The choice of adhesive technology
represents a commitment in terms of investment, supply chain, process design, and
ongoing operation. As in all business decisions, cost is a key driver and that itself
can be quite complicated. The challenge in calculating cost is that the three types of
adhesive technology are different in many significant ways. The raw materials,
from which they are made, vary, and the supplies of those materials are dynamic.
The densities of the materials vary as well; therefore, identical weights of the materials can differ significantly in volume. And, most importantly, the behaviors of the
materials in production differ [26].
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18.5.5 Food-packaging applications
Most commonly used polymers in the packaging industry are the polyolefins, such
as LDPE, LLPE, HDPE, PP, and some other PE-based copolymers. The low adhesives and surface energy properties of polyolefins are incompatible for various
packaging purposes [2731]. Generally, food-packaging material protects our food
products from various unusual environmental conditions, such as harmful bacteria,
contaminations, odors, vapor, and dust during transport and storage [32]. Packages
should also protect food from the loss of functional and nutrient properties, color,
taste, and aroma as well preservation, which should meet the consumer general
expectations (refer Fig. 18.9). Hence, they should form a suitable barrier between
food and external conditions, especially with respect microorganisms, oxygen (air),
and water vapor [32]. The shelf-life of product is noticeably important to use, which
depends only on the barrier properties of the packaging material. A good package
should offer hygienic information regarding food, to the consumers in order to
attract them to buy product. Various polymers are available in market for packaging, but polyolefins mostly are the promising materials for numerous packaging
applications [23].

18.5.5.1 Polyethylene in packaging
PE is a member of the polyolefins class, which also have various types of PE,
depending on density of polymer type. PEs densities are relatively low when compared to other conventional polymers; the values range between 0.916 and
0.940 g/cm3 for LLDPE and 0.8400.970 g/cm3 for HDPE. Generally, PEs has not
only good processability but also shows a remarkable water vapor barrier functions,

Figure 18.9 Primary function of packaging.
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Figure 18.10 Polyethylene materials used for packaging of bred.

which is necessary for various water-sensitive food products, such as dried and liquid food stuffs. Furthermore, this type of PE plastic is not suitable for easily oxidized food products due to low oxygen barrier properties, which is affected by
external conditions and physical conditions, such as: humidity, polarity, volume,
density, crystallinity, and temperature [33] Furthermore, LDPE is more compatible
for flexible films other than HDPE due to its flexible, soft, and stretchable characteristics. LDPE flexible films are extensively used for frozen foods, bakery products, fresh meat, and poultry as well as other products. In contrast, LLDPE plastic
materials have remarkable mechanical properties than LDPE at same density.
Furthermore, LLDPE has crystal clear feature (refer Fig. 18.10), heat-healing
strength and toughness frequently used for cling films, etc., whereas HDPE film
provides excellent barrier properties for gas and water due to its higher crystallinity
than LDPE film.

18.5.5.2 Polypropylene for packaging
Generally, PP is suitable for various food packaging products due to its low-cost
and density, better heat seal ability, high melting point temperature, and good
chemical resistance [34]. In contrast, it has poor oxygen barrier properties; PP is
regularly combined with other materials, such as nylon, foil, ethylene vinyl alcohol,
etc. that have good oxygen barrier properties and the composite materials are used
even for oxygen-sensitive food products, such as ready-to-eat products, apple products, baby foods, soaps cooked rice, and ketchup. In recent years, the clay sheets
incorporated into PP and the composite used for various packaging applications,
because the filler influences the barrier properties of PP. The fillers (clay nanoparticles) with high surface area and thickness improve the barrier properties of materials. Since, these nanoparticles are resistant or have low porosity to dissimilar gas
and water vapor than the polymer matrices, permeate molecules having longer
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Figure 18.11 Formed polypropylene packing for: Food (A) and bags (B).

diffusion paths in the composite than in the polymer matrix alone [35]. As a result,
the net gas and vapor barrier properties of PP nanocomposites are drastically
improved. For instance, Xie et al. reported that the oxygen barrier properties of
LDPE noticeably increased, by mixing the clay into the matrix [36]. Some of the
packaging products are illustrated in Fig. 18.11.

18.6

Filters

Polyolefins are used in filtering and the industrial wiping applications owing to
their remarkable properties, such as chemical resistance (both to acid and alkali
media), small density when compared with other conventional fibres and easy
cleaning without fascinating the dust and mud. However, PPs are significantly used
in filtration, both as spunbonded melt-blown sandwich and needle-punched products. Here, the outer spunbonded layer gives the product potency, whereas the
internal microfibres present outstanding filtering properties [37]. The hydrophilized
porous membrane materials with large pore size are attained from empty PP fibres
containing a stocked, multicellular structure that gives outstanding filtration media.
Furthermore, the PP filtering materials are used, both in wet media (such as filters
for water, planning, chemicals, alcoholic drinks) and dry (for dust management and
elimination of particles together with cabin air filters, automotive filtration, vacuum
cleaner bags and masks). In addition, PP is used also for oil wipes as well as
absorbing oil spillages [37]. To this end, polyolefin filters with hydrophobized fine
fibres are used to improve oil absorption capacity through stitch-bonded route.

18.7

Hygienic bands

Generally, hygienic band contains liquid permeable layer material, liquid impermeable layer material, and absorbing discharge layer material. The liquid permeable
layer protects one side of the pad, which in turn cannot contact directly to the skin of
consumer, thus enhancing its comfortability. The impermeable layer material covers
the other side of the pad, thereby the absorbed secretion cannot flow to the
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consumers clothing. In general, hygienic bands are developed in small size, which
absorbs higher secretion and also hygienic band containing impermeable layer material, which is thin, but having enhanced waterproof properties. Nowadays, a hygienic
pad is made from polyolefins due to remarkable properties, such as hydrophobic,
hydrophilic, high absorption size, low-cost, better barrier properties, etc. [38].

18.8

Surgical masks

Healthcare professionals concerned of treating and caring for persons injured or
sick as well as patients can expose to biological aerosols, capable of transmitting
harmful disease, which might be caused by a wide variety of microbes, that can
pose noticeable risks to health and life [39,40]. Generally, surgical face mask
are widely used to cover the nose and mouth by doctors and other healthcare
professionals. Therefore, the masks minimize the risks of contaminations from
secretion of nose and mouth during operation time in operation theaters or
clinics. It is intentionally designed to be worn by healthcare workers during the
surgery period and at same to catch the microorganisms shed, in aerosols and
liquid droplet forms from wearer nose and mouth. Furthermore, surgical masks
were developed initially to have and filter droplets having microbes that are
eliminated or discharged from the mouth and nasopharynx of healthcare professionals during the time of surgery, so that they can provide the protection for
the patient. On the other hand, there are different ways in which surgical masks
contaminate the surgical wound, for instance, due to poor tying of masks and
wrongly worn surgical masks and due to the leaching of air from sides of surgical masks [41]. Generally, surgical masks produced via fabric forming technique
are shown in Fig. 18.12.
The disposable surgical masks have been used since the last 50 years and
have an extensive application in today’s workplace. Surgical mask significantly
protects from bodily infected bacteria and some viruses from patients during surgery or from other healthcare, hospitals or nursing home settings. In addition,

Figure 18.12 Surgical masks (A) woven, (B) nonwoven, and (C) knitted [39].
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they can provide to the wearer protection against upper respiratory ailments of
mouth, nose, throat, and lungs by protecting against harmful particle pollutants,
available in liquid, mineral, vapor, dust from mining industry or other
manufacturing industries, or chemical/pharmaceutical laboratories or environmental contamination, etc. The disposable masks has been fairly identical in that
most masks of today have multiple layers of different nonwoven polymer materials, which in turn, form a composite materials that are used for mouth and nose
sections of masks.
The outer layer of mask generally uses long fibre nonwoven materials, which in
turn, are made from spunbonding. They typically have fluid impermeable feature,
which is a perfect choice for discarding airborne microorganisms distributed by
cough which are typically humid. These types of nonwoven (PE or PP) polymer
materials are generally consigned as spunbond material. Whereas the inner layer of
the masks typically uses high cost materials that are thermally bonded to other
layers. These materials contain short fibre and by adding few amount of chemical
to permit water absorption, and this layer typically serves as the layer that absorbs
oral or nasal fluids that consumers are exposed to. For example, PP is a major polymer used in nonwoven, with over 50% used for sanitary products or diapers, which
absorb water (hydrophilic) rather than naturally repelling water (hydrophobic) [42].
Noteworthy, there is no fibre that can be seen after rubbing on the surface of material. Furthermore, the layer used for filtration is of high cost and thick, although the
excellence of this material is not about the weight, but the ability of its filtering
character (refer Fig. 18.13). In contrast, in humid countries, they typically use four
layers, in which the fourth layer adds on top of the outer layer in order to improve
the ability of water resistance [42].

Figure 18.13 Polyolefines surgical masks with holes (A) and without holes (B) [42].
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Conclusions

This chapter outlined the use of polyolefins in a wide variety of applications particularly, in hygienic applications. The term hygienic is very important in modern
days and follows the need for hygienic food in all the countries across the world.
Research and development in polyolefins and its composites are supporting, to a
remarkable extent, the various applications, particularly in hygiene. The usage of
polyolefins in hygienic applications has been increasing enormously due to their
remarkable properties, such as mechanical, thermal, good electrical, adhesion, low
cost, better barrier characteristics, etc. Researchers continuously evaluate the dayto-day improvements in polyolefins and its composites especially their properties
and cost-effectiveness, leading to solutions for various industrial applications.

Acknowledgment
The authors MB and ABR wishes to acknowledge the Tshwane University of Technology for
their financial support.

References
[1] Cook JG. 4—Polyolefin fibres. Handbook of textile fibres. Elsevier: Woodhead
Publishing; 2001. p. 536609.
[2] Bohdan S, Danica D. Structure of polyolefins. Handbook of polyolefins. Taylor and
Francis: CRC Press; 2000. p. 16174.
[3] Vasile C. Handbook of polyolefins. Second Edition Taylor and Francis: CRC Press;
2000.
[4] Morawetz H. Macromolecules, an introduction to polymer scienceIn: Bovey FA,
Winslow FH, editors. New York: Academic; 1979, 549 pp. Price: $39.50. Journal of
Polymer Science: Polymer Letters Edition, 1980. 18(2): p. 153154.
[5] Bunn CW. Chemical crystallography: an introduction to optical and x-ray methods.
Oxford: Claredon Press; 1961.
[6] Krimm S, Liang CY, Sutherland GBBM. Infrared spectra of high polymers. II.
Polyethylene. J Chem Phys 1956;25(3):54962.
[7] Hagen H, Boersma J, van Koten G. Homogeneous vanadium-based catalysts for the
ZieglerNatta polymerization of [small alpha]-olefins. Chem Soc Rev 2002;31
(6):35764.
[8] WHO Home Page, Health Topics. Hygiene. , http://www.who.int/topics/hygiene/en/ . .
[9] Wikipedia Home Page. Hygiene. , https://en.wikipedia.org/wiki/Hygiene . .
[10] Encyclopedia of Children and Childhood in History and Society | 2004 | WILKIE, J.S.
and C.T.G.G. Inc.
[11] UNICEF Home Page. Water, sanitation and hygiene. , https://www.unicef.org/wash/ . .
[12] UNICEF Home Page. Water, sanitation and hygiene. , https://www.unicef.org/wash/
3942_4457.html ..

Use of polyolefins in hygienic applications

559

[13] Carothers WH, et al. Studies on polymerization and ring formation. Vii. Normal paraffin hydrocarbons of high molecular weight prepared by the action of sodium on decamethylene bromide. J Am Chem Soc 1930;52(12):527988.
[14] White JL, et al. Polyolefins. Cincinnati, OH: Hanser Gardner Publications, Inc; 2005.
[15] Hans-Georg G. Polymerization of ethylene. Google Patents; 1955.
[16] Natta G, et al. Crystalline high polymers of α-olefins. J Am Chem Soc 1955;77
(6):170810.
[17] Arriola DJ, et al. Catalytic production of olefin block copolymers via chain shuttling
polymerization. Science 2006;312(5774):71419.
[18] Raja, P.R., Novel amorphous polyolefins for adhesive applications. Adhesive and sealant council’s spring 2015 convention and expo in Nashville, Tenn, 2015.
[19] Chirayil CJ, et al. Polyolefins in automotive industry. In: Al-Ali AlMa’adeed M, Krupa I,
editors. Polyolefin compounds and materials: fundamentals and industrial applications.
Cham: Springer International Publishing; 2016. p. 26583.
[20] Strumberger N, Gospocic A, Bartulic C. Polymeric materials in automobiles. Promet
Traffic-Traffico 2005;17:314960.
[21] Chirayil CJ, et al. Polyolefins in automotive industry. Polyolefin compounds and materials. Springer; 2016. p. 26583.
[22] Southern JH, Porter RS. The properties of polyethylene crystallized under the orientation and pressure effects of a pressure capillary viscometer. J Appl Polym Sci 1970;14
(9):230517.
[23] Al-Ali AlMa’adeed, M. and I. Krupa, Polyolefin compounds and materials. 2016.
[24] The Disposable Diaper Industry Source. , http://disposablediaper.net/faq/what-are-thecomponents-of-a-typical-disposable-diaper/ . .
[25] SpecialChem. , http://adhesives.specialchem.com/selection-guide/hot-melt-adhesiveformulation-for-hygiene-applications/adhesive-requirements-for-hygiene-products . .
[26] Fuller HB. Polyolefin adhesives for disposable hygiene applications. , http://www.hbfuller.com/north-america/innovation-and-experience/white-papers/Polyolefin-Adhesivesfor-Disposable-Hygiene-Applications.html . .
[27] Michalski M-C, et al. Adhesion of edible oils to food contact surfaces. J Am Oil Chem
Soc 1998;75(4):44754.
[28] Novák I, et al. High-density polyethylene functionalized by cold plasma and silanes.
Vacuum 2012;86(12):208994.
[29] Novák I, Pollak V, Chodak I. Study of surface properties of polyolefins modified by
corona discharge plasma. Plasma Processes Polym 2006;3(45):35564.
[30] Novák I, et al. Polymer matrix of polyethylene porous films functionalized by electrical
discharge plasma. Eur Polym J 2008;44(8):27027.
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Classification
nonwoven fabrics, 289299
polymers, 6, 6t
polyolefin fibres and textiles, 23, 25t
Clogging, 503
Coatings, antimicrobial, 271275, 300
Coats-Redfern method, 9697
Coloration/dyeability, 359383
colorants, 364
dye-fibre interactions, 362363
dyeing of nonwovens, 300
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improving through fibre modification
copolymerization and grafting,
381382
improving through fibre modification,
377382
additives, 377380
chemical surface modification, 382
polyblending, 380381
nanocomposites, 350351
nanoclay-modified polypropylene
dyeable with acid and disperse dyes,
76, 7879
performance evaluation of dyed
nanocomposites, 333
polypropylene. See Polypropylene (PP)
structural features of polyolefins,
359362
unmodified polyolefins, 364377
conventional dyeing techniques,
371377
dyeing with commercial dyes, 368370
pigmentation of polypropylene,
365367
selection of pigments, 367368
Combustion tests, 349350, 350t
Commodity polymers, 517
Compliance, 318
Composite nonwovens, 294
Condensation polymers, 6
Contact angle, 5051, 54
Continuous extrusion, 24t, 25t
Continuous filament yarns, 16, 141
Coordination polymerization, 78
Copolymerization, 381382
Copolymers, 3
ethylene propylene, 1718
polyolefin fibres from, 1718
Copper, 268, 269t
Cordage, 141, 151153
Covalent bonds, 362
Crack initiation and propagation, 321325
Creep tests, 318
Creping, 299
Critical surface tension, 5051
Crock fastness, 332333
Cross-linked polyethylene, 395
Crushing, 299
Crystal morphology, 3839
Crystalline structures, 3538
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Crystallites, 38
Cyclic tests, 321
Cyclodextrins (CD), 341342
D
DaumasHerold model, 72
Decomposition temperature, 349350
Definition of polyolefins, 498
Degradation, of polyolefin, 92116
biodegradation, 106112
enzymatic biodegradation, 109110
mechanism of, 110111
methods of, 111112
microbial degradation, 108109
oxo-biodegradations, 108
catalytic degradation, 112116
mechanism of, 112116
methods of, 116
controlling degradation rate of
polyolefins, 119120
pigments and dyes, effect of, 119120
factors affecting, 117119
chemical composition, 117
functionality, 118119
molecular weight (MW), 118
size of molecules/molecular structure,
117
mechanochemical degradation, 105106
mechanism of, 105106
methods of, 106
ozone-induced degradation, 104105
mechanism of, 104
methods of, 104105
photo-oxidation degradation, 97104
artificial weathering method, 103
kinetics of photochemical oxidation of
polyolefins, 100101
mechanism of photodegradation of
polyolefins, 101102
natural weathering method, 103104
photochemical oxidation degradation,
99100
structure of, 114f
thermal degradation, 9397
mechanism of, 9495
methods of, 9597
Dendrimers, 341342, 379
Dendritic polymers, 379
Density, 33, 139, 315, 359
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Density gradient column, 315
Derivative curves, 346
Design concept of polyolefin auxetic fabrics,
8081
Design of experiments (DOEs), 116
Diapers (nappies), 550551, 554f
Diazomethane, 518
Dielectric barrier discharges (DBD), 411
Differential scanning calorimetry (DSC),
6869, 322, 346347
Dilauryl thiodipropanoate (DLTDP), 47
Direct dyes, 371
Disperse dyes, 76, 7879, 372375
Disposal hygienic application, 551552
Distearyl thiodipropanoate (DSTDP), 47
Double-cloth weave, 142143
Dow XLA fibres, 18
Drainage, geotextiles for, 505506
Dry laid nonwovens, 145, 291, 304
Durometer hardness test, 321322
Dyeability. See Coloration/dyeability
Dyes, 364
dye-fibre interactions, 362363
dyeing unmodified polyolefin fibres,
368377
conventional techniques, 371377
modified polypropylene, 377380
performance evaluation of dyed
polypropylene nanocomposites, 333
Dynamic shake flask test, 328329
Dyneema, 1415
E
Elastoplastic behavior, 6667
Electron irradiation technique, 120121
Electron spin resonance (ESR) experiments,
106
Electrophilic catalysts, 112114
Electrostatic (ionic) bonds, 362
Ellipsometry, 398
Embossing, 299
Enantiomers, 89
End use application, textile classification by,
23, 25t
Endurance limit, 321
Energy-dispersive X-ray fluorescence
spectrometry (EDXRF)
Engineering, applications of polyolefins in,
511512

Index

Environment, polyolefins and, 8992
challenges for new generation of
polyolefins, 121122
controlling environmental degradation of
polyolefins, 120121
controlling polyolefins degradation rate,
119120
effect of pigments and dyes,
119120
factors affecting polyolefins degradation,
117119
chemical composition, 117
functionality, 118119
molecular weight (MW), 118
size of molecules/molecular structure,
117
long-term performance of polyolefins in
different environments, 122123
polyolefin degradation, 92116
biodegradation, 106112
catalytic degradation, 112116
mechanochemical degradation,
105106
ozone-induced degradation,
104105
photo-oxidation degradation, 97104
thermal degradation, 9397
Environmental degradation of polyolefins,
controlling, 120121
Environmental scanning electron microscopy
(ESEM), 5355
Enzymatic biodegradation, 109110
Ethylene (ethene), 45
Ethylene-based POs, 517518
Exfoliation, 7273
Extrusion, 24t, 25t, 343
F
Fabrication techniques, 81
Fatigue life, 321
Fatigue strength, 321
Fatigue tests, 321
Fawcett, Eric, 518
Fibre selection, 289290
Fibre-reinforced polyolefins, 80
Fibrillation, 140141
Fibrous web nonwovens, 298
Fillers, 554555
Film-fibre nonwovens, 145

Index

Films
antibacterial activity of nanocomposite
films, 7678, 327328
fibres from film, 16
mechanical properties of solvent-treated
polypropylene films, 6167
Filters, 555
Filtration, 148149, 309
geotextiles for, 503504
Finishing processes, 299300
Fishing ropes and nets, 151153
Flame retardant finish, 300
Fluorocarbon plasma treatments, 54
Foams, 353
Food packaging applications, 553555, 555f
PE in, 553554, 556f
PP for, 554555, 557f
Foods, 265266
Fourier transform infrared (FTIR)
spectroscopy, 325, 345346
Fowkes method for surface energy, 51
Free radical polymerization, 78
Fully drawn yarn (FDY) (fully oriented yarn
or FOY), 139
G
γ-orthorhombic structure, 3637
Gas permeability, 348349
Gas plasma treatments, 5355
Gaussian absorption band, 345346, 347f
Gel permeation chromatography (GPC), 111,
317
Gel spinning technology, 1415
Gel-spun UHMWPE fibre, 137138
Geosynthetics, classification of, 500f
Geotextiles, 138, 309, 497
for agricultural application, 513f
crucial characteristic properties, 501t
definition of, 498
future trends, 512513
geosynthetics, types and properties of,
500501
polyolefins in, 502511
for drainage, 505506
for filtration, 503504
for protection, 508511
for reinforcement, 507508
for separation, 504505
properties of, 501
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Gibson, Reginald, 518
Glass fibre reinforcement, 412
Glycidal methacrylate (GMA),
275
Gold, 272274, 273t
Graft copolymerization, 381382
Graphite intercalation compounds (GICs), 72
H
Halamines, 278279
Halogenation, 382
Halogens, 278279
Hand-washing with soap, 544546, 546f
Hardness tests, 321322
Head-to-head addition, 1011, 11f
Head-to-tail addition, 1011, 11f
Healthcare products. See Medical
applications
Healthcare-associated infections,
265
Heavy metals, 268, 269t, 279t
High density polyethylene (HDPE), 910,
14, 135, 303
blends with polypropylene, 20
properties, 319t
High performance polyethylene (HPPE)
fibres, 137138
High-density polyethylene (HDPE), 8990,
9697, 107108, 370, 394, 523,
542, 549, 553554
Hindered amine light stabilizers (HALS),
4850, 271
Hindered phenols, 4445
Homo-polymers, 4
Household water filters, 149
Hydrocarbon radicals (HCRs), 115117
Hydro-entanglement (spunlacing), 146,
295296
Hydrogen bonds, 362363
Hydroperoxide, 9899
Hydrophilicity, 54
Hydrophobic interactions, 363
Hydroxyl radicals, 98
Hygiene
antimicrobial properties.
See Antimicrobial properties
definition of, 544
good hygienic behavior, importance of,
544547
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Hygiene (Continued)
and health issues, 544
medical applications. See Medical
applications
Hygienic applications, 547555
adhesion applications, 547548
automotive application, 548550, 551f,
553f
PE in, 549
PP in, 550
diapers (nappies), 550551, 554f
disposal hygienic application, 551552
food packaging applications, 553555,
555f
PE in, 553554, 556f
PP for, 554555, 557f
Hygienic bands, 555556
Hygienic properties, 546547, 547f
I
Impact tests, 318320
Implantable materials, 147
Industrial applications, 137138, 146153
filtration, 148149
ropes, nets and cordage, 151153
Industrial applications, automotive.
See Automotive applications
Infusing treatments, 60
Inorganic pigments, 364, 368
Instron 5569 Mechanical Tester ASTM D
5034-95, 334
Intercalation, 7273
Intermolecular forces, 362363
International Organization for
Standardization (ISO)
ISO 9000, 313
specifications, 313
Ionic (electrostatic) bonds, 362
Isotactic polypropylene (iPP), 12, 60,
359361, 360f, 396, 498499, 499f,
541542, 542f, 547548
development of fibres, 1517
nonwovens, 302
thermal treatment and elastoplastic
response, 6667
Izod impact test, 318321
J
Jute, 16
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K
Knitted fabrics, 143145
Knotted structures, 146
K/S value, 76, 77f, 350
L
Lactones, 46
Lamellae, 38
Lamination, 299
Lean approach, 313
Life cycle of PO, 90f
Light fastness, 331332, 373374
Linear a-olefins, 520, 520f
Linear density, 316
Linear low-density polyethylene (LLDPE),
8991, 303, 394, 553554
Liquid crystal polymers, 20
Long-term performance of polyolefins
in different environments,
122123
Lorentzian absorption band, 345346, 347f
Low-density polyethylene (LDPE), 910,
14, 8990, 9697, 107108, 135,
303, 392394, 542, 553554
properties, 319t
Lubricants, 52
Luna Innovations Roanoke, 81
M
Mackie CX polypropylene staple fibre
spinning system, 16
Macromolecular antimicrobial agents,
269271
Magnesium dihydroperoxide (MDHP), 273t,
274
Magnesium hydroperoxyacetate (MHPA),
273t, 274
Magnetron sputter coating, 272
Mass coloration. See Pigmentation
Master batches, 367
Mechanical bonding, 295296
Mechanical finishing processes, 299
Mechanical properties, 6167, 301
nanocomposites, 7880, 348
solvent-treated polypropylene films,
6167
strength, 62
time and temperature effects, 6366
work of rupture, 66
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testing, 317325
cyclic (fatigue) tests, 321
hardness tests, 321322
impact tests, 318320
quasi-static tests, 317
transient tests, 318
thermal treatment and elastoplastic
response of iPP, 6667
Mechanochemical degradation, 105106
mechanism of, 105106
methods of, 106
Medical applications, 138, 147148, 265.
See also Antimicrobial properties
nonwovens, 308309
Medical implants and devices, 521525
aseptic loosening and resistance to wear,
523525
biocompatibility of biomaterials,
522
design of biomaterials for ease of
manufacture, 522
implant stability, 522
properties of polymer employed,
522
Medium-density polyethylene, 395
Medpor, 523
Melt blowing, 60, 145
Melt characteristics, 69
Melt electrospinning, 6061
Melt index, 316
Melt spinning, 343
Melt viscosity, 305
Melting point, 305
Metal oxides (ceramics), 340341
Metal salts, 379380
Metallic complexation, 277, 279t
Metallocene catalysts, 306
Metals
blending heavy metals into polyolefins,
268, 269t
improving coloration/dyeability, 379380
nanoparticles, 341
Methacrylic acid (MA), 275
2-Methacryloyloxyethyl phosphorylcholine
(MPC), 405
Methicillin-resistant Staphylococcus aureus
(MRSA), 265
Methylaluminoxane, 353
Microbial degradation, 108109
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Microcomposites, 406412
carbon fibre reinforcement, 411
glass fibre reinforcement, 412
natural fibre reinforcement, 406411
MicroFree, 268
Microscopy, 322325
Moisture absorption, 360361
Molecular weight (MW), 118, 361
Molecular weight distribution (MWD), 305
Monofilaments, 140
Montmorillonite, 340, 344, 352
thermal degradation of QACs on, 330
MOOO fibre, 374375
Multiplex structure nonwovens, 298
Multiwalled carbon nanotubes (MWNTs),
339340
N
Nanocomposites, 22, 61, 7080, 339353,
412413
antimicrobial activity, 352
fibres, 7678, 328330
films, 7678, 327328
applications, 348350
chemical, 350353
physical, 348350
characterization and analysis, 6871, 326,
343348
DSC, 6869
FTIR spectroscopy, 345346
SEM, 343
TEM, 7374, 326327, 343344
tensile properties, 70
thermal analysis, 346350
XRD, 7073, 344
coloration, 350351
nanoclay-modified polypropylene dyeable
with acid and disperse dyes, 76, 78
performance evaluation of dyed
nanocomposites, 333
mechanical properties, 7880, 348
nanoparticles used in producing, 339342
PP/clay nanocomposites, 412
PP/CNT nanocomposites, 412413
preparation, 325326, 342343
product analysis and performance
evaluation, 325333
structure-property improvements, 71
tensile properties, 70
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Nanoparticles, 339
improving coloration of polypropylene,
378379
uniform dispersion of, 75
used in producing nanocomposite fibres
and films, 339342
Nanostructured molecules, 341342
Natta, Giulio, 519
Natural fibre geotextiles, 502
Natural fibre reinforcement, 406411
Natural fibre-filled high-density
polyethylene composites (NFHDPE), 103
Natural fibres, 299
N-chloro-hindered amines (NCHAs), 271
Needle punched nonwovens, 146, 295
Net structure nonwovens, 298
Net-like structures, 298
Nets, 151153
New generation of polyolefins, challenges
for, 121122
N-halamines, 271, 278279
Nickel, 379380
Nonfunctionalized polyolefins,
118
Non-implantable medical materials, 147
Nonwoven fabrics, 287299
Nonwovens, 24t, 25t, 145, 285, 287309
applications, 308309
characteristics and properties, 300301
fibre properties, 301
classification, 289299
fibre type, 298299
manufacturing system, 289291
web consolidation, 294298
web formation, 291294
web structure, 298
consumption profile of polyolefins in,
301308
development in fibre grade polyolefins,
306308
technical requirements of polyolefins,
303305
definition, 287288
finishing, 299300
future trends, 309
market, 288289, 289f
Nosocomial effects, 265
Nylon, 152153
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O
Olefin fibres, 4, 539
Olefins, 517
Oleophobicity, 54
Order/disorder spectrum, 35
Organic pigments, 364, 367368
Orthorhombic structure, 36
Oxidation, 3944
partial, 382
photo-oxidation, 4344
thermal, 4043
Oxo-biodegradations, 108, 120
Oxygen permeability, 348349
Oxygen-sensitive food products,
554555
Ozone-induced degradation, 104105
mechanism of, 104
methods of, 104105
P
Packaging, 265266, 309
Paracrystalline (smectic) form, 35, 37
Parallel yarn ropes, 141
Partial oxidation, 382
Partially oriented yarns (pre-oriented yarns)
(POY), 139
Pelvic organ prolapse (POP), 523524
Permeable pavement, geotextile material in,
505f
Phenolic stabilizers, 45
Phosphite esters, 46
Photochemical oxidation, kinetics of
of polyolefins, 100101
Photochemical oxidation degradation,
99100
Photodegradation
mechanism of
of polyolefins, 101102
methods of, 102104
artificial weathering method,
103
natural weathering method,
103104
Photolysis, 97
Photo-oxidation, 4344, 101
degradation, 97104
Physical properties, 301. See also
Mechanical properties; Tensile
properties; Thermal analysis
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π (pi) bond, 45
Pigmentation, 359, 382383
pigments, 364
of polypropylene, 365367
selection of pigments, 367368
Pigmentpolymer stability interactions,
119120
Pile fabrics, 142143
Plain weave, 142
Point bonding, 294
Poisson’s ratio, 8081, 334, 334f
Poly butene-1 (PB-1) pipes, 122123
Poly(1-butene), 5t, 13, 34t, 3738
Poly(1-hexene), 13
Poly 2-dimethylaminoethyl methacrylate
(PDMAEMA), 275
Poly(4-methylpent-1-ene), 13
Polyalkene, 517
Polyamide, 8990, 380
Polyblending, 380381
Polyethylene (PE), 4, 1415, 34t, 9091,
94, 110111, 392395, 518,
550551 See also under individual
types of polyethylene
in automotive applications, 549
chemical composition of, 518f
cross-linked polyethylene, 395
crystalline structure, 36
fabrics for filtration, 148
high-density polyethylene (HDPE), 91f,
394
linear low-density polyethylene (LLDPE),
394
low-density polyethylene (LDPE), 91f,
392394
medium-density polyethylene, 395
in nonwovens, 301303
characteristics, 303304
in packaging, 553554, 555f
properties, 154t, 542543
ropes, twines and nets, 151153
structure and densities of the basic grades
of, 393t
structure of, 910, 541542, 541f
types of, 499, 500f
ultrahigh molecularweight polyethylene,
wear resistance in, 394395,
400405
blends and blend composites, 403
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cross-linking, 404405
micro- and nanocomposites, 401403
surface treatments, 405
Polyethylene terephthalate (PET), 19,
380381
Poly(ethylene-co-butylene) (PEB) oligomer,
269270
Polyhedral oligomeric silsesquioxane
(POSS) macromonomer, 349350
Polyhexamethylene biguanide hydrochloride
(PHBM), 274
Polylactides (PLA), 21
Polymer blends/alloys, 1921, 380381
Polymer chains, arrangement of, 35
Polymer laid nonwovens, 292294, 305
Polymer melt, 316
Polymer oxy radicals, 98
Polymer peroxy radicals, 98
Polymerization
reactions, 68
Polymers, 4
classification, 6, 6t
and polymerization reactions, 68
types and classification of polyolefin
textiles, 23t
Polymers, wear in, 397414
characterization of wear, 398399
abrasion wear test, 399
rolling wear test, 399
scratch wear test, 399
sliding wear test, 399
definition, types, and mechanisms of
wear, 397398
enhancement, 399
Poly(3-methyl-1-butene), 34t, 38
Poly(4-methyl-1-pentene), 5t, 34t, 38
Polyolefin fibres, defining, 4
Polyolefin resins
nonwovens, 302303
Polyolefin technology, stages in
development of, 285287
Polyolefin textiles, classification of, 23, 25t
Polyolefin-based nonwovens, 288289
Polypropylene, wear resistance in, 406414
blends and blend composites, 413414
microcomposites, 406412
carbon fibre reinforcement, 411
glass fibre reinforcement, 412
natural fibre reinforcement, 406411
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Polypropylene, wear resistance in
(Continued)
nanocomposites, 412413
PP/clay nanocomposites, 412
PP/CNT nanocomposites, 412413
Polypropylene (PP), 4, 1517, 26, 59, 92,
94, 111, 116, 135, 395397, 411,
519520, 523524, 550551, 557
atactic, 11, 12f, 302, 396397
in automotive applications, 550
blends, 1921, 380381
with polylactides, 21
polypropylenehigh density
polyethylene (HDPE), 20
polypropyleneliquid crystal polymers,
20
polypropylenepolyethylene
terephthalate (PET), 19
polypropylenepolypropylene, 2021
polypropylenepolystyrene, 20
chain scission of, 102f
coloration/dyeability
nanoclay-modified PP, 76, 7879
performance evaluation of dyed PP
nanocomposites, 333
pigmentation of, 365367
poor dyeability, 59, 368370
selection of pigments, 367368
strategies to improve, 370, 377382
structural features pertinent to
coloration, 359362
cordage and nets, 152153
crosslinking of, 102f
crystalline structure, 3637
enhancing wear resistance in, 407t
isotactic polypropylene, 396
mechanical properties of solvent-treated
PP films, 6166
medical applications, 265
molecular structures of, 93f
nanocomposites
structure-property improvements, 71
in nonwovens, 301302
characteristics, 303304
and medical applications, 147148
in packaging, 554555, 557f
PP/clay nanocomposites, 412
PP/CNT nanocomposites, 412413
properties, 154t, 319t, 542543

Index

structure of, 1013, 34t, 541542
stereoconfigurations of, 396f
syndiotactic, 11, 12f, 17, 302, 396
types of, 498499
Polypropylene (PP), isotactic. See Isotactic
polypropylene (iPP)
Polypropylene-g-maleic anhydride (PP-gMAH), 270271
Polystyrene (PS), 19, 94
Poly(2-tert-butylaminoethyl) methacrylate
(PTBAEMA), 269271
Polyurethanes, 8990
Poly(vinyl chloride) (PVC), 8990
Polyvinylpyrrolidone iodine (PVP-I), 279
Pre-oriented yarns (partially oriented yarns)
(POY), 139
Primary stabilizers, 4446
Printing, 300
Process technology, classification of
polyolefin textiles by, 23t, 24t
Properties of PE and PP, 542543
Properties of polyolefin fibres, 139, 153,
301, 498499. See also Chemical
properties; Mechanical properties
Propylene (propene), 4, 6, 8990
Protection, geotextiles for, 508511
Pseudo-monoclinic structure, 36
Pseudoplastic, 316317
Pyrolysis, 39
Pyrolysisgas chromatographymass
spectrometry (PyGS/MS) method,
9596
Pyrolysismass spectrometry (PyMS), 95
Q
Quality assurance (QA), 313
Quality control, 335336
Quality control charts, 335336
Quaternary ammonium compounds (QACs),
330
R
Radiant heat bonding, 297
Radical chain reactions, sequence of, 115f
Raschel knitting machines, 144145
Reinforcement, geotextiles for, 507508
Repeat units, 4
Reputex, 274
Resin cleanliness, 305

Index

Respirometry tests, 111
Rheology, 316
Rheometers, 317
Rockwell hardness test, 321322
Rolling wear test, 399
Ropes, 141, 151153
Rotaxane, 376377
Rubber mastication, 105
S
Salmonella typhimurium, 546547
Satin weave, 142
Scanning electron microscopy (SEM),
322325, 343
Scission, chain, 4243
Scratch wear test, 399
Secondary stabilizers, 4648
Separation, geotextiles for, 504505
Severe acute respiratory syndrome (SARS),
265
Shear tests, 317, 320f
Sheath-core bi-component fibres, 2122
Shish-kebab morphology, 3839
Side-chains, 33
σ (sigma) bond, 45
Silicas, 340
Silicates, 340
Silver
blending into polyolefins, 268, 269t
nanoparticle coatings, 271275
Single site catalysts, 306
Single-walled carbon nanotubes (SWNTs),
339340
Six Sigma approach, 313
Sizing, 300
Sliding wear test, 399
Slit-film tape yarns, 140141
Solgel technique, 272
Solid state extrusion (SSE), 15
Solution mixing, 342
Solvent vapor-treated pre-tensioned
polypropylene films, 62
Solvent-soluble dyes, 375
Speciality polyolefin elastomers, 1718
Specific gravity, 315316
Spectra, 1415
Spectroscopy, 322324
Spherulites, 38, 67
Spin finishes, 52
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Spindle viscometer, 317
Spinneret, 24t, 25t
Spunbond fabrics, 145
Spun-bondedmelt-blownspun-bonded
(SMS) PP nonwoven fabrics,
274
Spun-laced nonwovens, 146, 295296
Stabilizers, 4450
hindered amine, 4850, 271
primary, 4446
secondary, 4648
Staple fibre yarns, 141
Staple fibres, 140
Statistical process control, 335336
Stearate (St) complexes, 110111
Stereochemistry, 813
structure of polyethylene fibres, 910
structure of polypropylene fibres,
1013
Stereoisomerism, 89
Stereoregular polymerization, 11
Stitch bonding, 295
Strain induced crystallization, 38
Strength, 62
Stress relaxation tests, 318
Structural mechanics, 5981
characterization of fibrous materials and
nanocomposites, 6871
DSC, 6869
tensile properties, 70
transmission electron microscopy, 71
XRD analysis, 7071
mechanical properties, 6167
structure and mechanics of polyolefin
fibrous materials, 6061
structure-property improvements of
nanocomposites, 71
Structure of PE and PP, 541542
Structure of polyolefin fibres, 3339
arrangement of polyolefin chains, 3435
crystal morphology, 3839
crystalline structures, 3538
stereochemistry and, 813
Sulfonation, 382
Sulfur dyes, 372
Supercritical fluids, 376
Surface chemistry, 5055
application of spin finishes, 52
gas plasma treatments, 5355
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Surface coatings, antimicrobial, 271275,
300
Surface energy, 5052
Surface fatigue, 398
Surface modification techniques, 382
Surface profilometry, 398
Surface tension, 5051
Surfacing, 300
Surgical masks, 556557
Syndiotactic polypropylene (s-PP), 11, 12f,
17, 302, 396, 498499, 499f,
541542, 542f, 547548
Synthetic fibres, 299
T
Tacticity, 1113
Taguchi technique, 116
Tail-to-tail addition, 1011, 11f
Tape yarns, 16, 140141
Technical textiles, 142
applications, 138139
braided and knotted structures, 146
industrial applications, 146153
knitted fabrics, 143145
nonwovens, 145146
wovens, 142143
Temperature
decomposition temperature, 349350
mechanical properties of polypropylene,
6366
Tensile properties, 301
nanocomposite fibres, 70
of polypropylene and pigmentation, 368,
369f
tensile tests, 70, 317318, 320f
Tensylon, 15
Termination reactions, 4142
Tertiary carbon atoms, 33
Testing and characterization, 6871,
313336
density, 315
DSC, 6869, 322, 346347
GPC, 317
linear density, 316
mechanical properties, 317325
melt index, 316
nanocomposites. See Nanocomposites
specific gravity, 315316
spectroscopic techniques, 322324
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TEM, 71, 7374, 322327, 343344
tensile properties, 70
thermal analysis, 322, 323t, 346348
viscosity, 316
XRD analysis, 7073, 325327, 344
Thermal analysis, 322, 323t
thermal properties of nanocomposites,
346350
Thermal bonding, 297298, 305
Thermal calendering, 297
Thermal degradation, of polyolefin, 9397
mechanism, 9495
methods, 9597
Thermal oxidation, 4043
branching, 41
chain scission, 4243
initiation, 40
propagation, 4041
termination, 4142
Thermal stability of pigments, 368
Thermogravimetric analysis (TGA) method,
95, 112, 322, 330
Thermomechanical analysis (TMA), 322
Thermoplastic vulcanizate (TPV)/
montmorillonite nanocomposite, 348
Thioesters, 46
Through-air oven, 297
Time of ageing, 6366, 65t
Titanium oxide, 376377
Toraymicron, 149
Transition metals, 379380
Transmission electron microscopy (TEM),
71, 7374, 322327, 343344
Transparency, 352353
Tribochemical wear, 398
Tribometers, 398
Triclosan, 273t, 274
Tricot knitting machines, 144
Twill weave, 142
Types and properties of polyolefins, 498499
Types of polyolefin, 392, 540
U
Ulstron, 15
Ultrahigh molecular weight polyethylene
(UHMWPE), 1415, 392395,
399405, 521f, 523
blends and blend composites, 403
cross-linking, 404405
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micro- and nanocomposites, 401403
surface treatments, 405
Ultrasonic vibration bonding,
298
UNICEF, 546
Uniform dispersion of nanoparticles, 75
United States polyolefin fibre production
capacity, 136
University of Massachusetts, Dartmouth
(UMD) technique, 81, 333334
US Federal Trade Commission (USFTC),
539
V
Van der Waals forces, 362363
Vat dyes, 371372
Viscosity tests, 316317
Volumetric analysis, 330
Von Perchman, Hans, 518
W
Warp knit structures, 333
Warp knitting, 143144
Wash fastness, 330331
Water absorption, 314315, 359
Wavelength-dispersive X-ray fluorescence
spectrometry (WDXRF)
Wax compounds, 366367
Wear in polymers. See Polymers, wear in
Wear in polyolefins, 400
Wear resistance of polyolefins, 389
polyethylene, 392395
cross-linked polyethylene, 395
high-density polyethylene (HDPE), 394
linear low-density polyethylene
(LLDPE), 394
low-density polyethylene (LDPE),
392394
medium-density polyethylene, 395
ultrahigh molecularweight
polyethylene, 394395
polypropylene, 395397
atactic polypropylene, 396397
isotactic polypropylene, 396
syndiotactic polypropylene, 396
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types of polyolefin, 392
wear in polymers, 397414
characterization of wear, 398399
definition, types, and mechanisms of
wear, 397398
enhancement of wear resistance in
polymers, 399
polyethylene, wear resistance in,
400405
polyolefins, wear in, 400
polypropylene, wear resistance in,
406414
Web for nonwovens
consolidation (bonding), 290, 294298
finishing and converting, 290291
formation, 290294
structure, 298
Weft knitting, 143
Wet laid nonwovens, 291292, 304
Wetting, 5052
Wide-angle X-ray scattering (WAXS), 325,
344
Wood-reinforced PP (WPC), 411
Work of rupture, 66
Woven fabrics, 142143
X
X-ray diffraction (XRD), 7073, 325327,
344
X-ray photoelectron spectroscopy (XPS),
5355
Y
Yarns, 139, 141
Yield point (elastic limit), 318
Young’s modulus, 318
Z
Ziegler-Natta catalysts, 498499, 543544
Ziegler-Natta co-ordination catalyst,
541542
Ziegler-Natta polymerization, 518519
Ziegler-type catalysts method, 517
Zirconium-based catalyst, 547548
Zisman plot method for surface energy,
5051

