Influence of Boehmite Nanoparticle Loading
on the Mechanical, Thermal, and Rheological
Properties of Biodegradable Polylactide/
Poly(e-caprolactone) Blendsa
Stephen C. Agwuncha, Suprakas Sinha Ray, Jarugala Jayaramudu,
Caroline Khoathane, Rotimi Sadiku

Blends of polylactide (PLA) and poly(e-caprolactone) (PCL) were melt-processed with boehmite
(BAI) nanoparticles to produce ternary biocomposites with the intent of broadening the
potential applications of PLA. The mechanical properties of the prepared composites exhibited
remarkable improvement in the elongation-at-break of
between 60 and 430% for increasing loadings of PCL and
BAI in the blends. Furthermore, the melting temperatures of PLA and PCL were observed to shift approximately 2 8C toward each other in the composites, an
indication of improved compatibility. This partial
compatibility was also observed from the electron
microscopy images, which also revealed a good dispersion of PCL in the PLA. The composite with balanced
properties was found to be consisting of 70 wt% PLA,
30 wt% PCL, and 4 wt% BAI.
1. Introduction
Polylactide (PLA) is one of the many biopolymers that have
found broad application in the fields of medicine, engineering, packaging industry, and agriculture. [1-7] A further
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advantage of PLA is that it can be processed just like
commodity polymers using most common processing
techniques, such as extrusion, injection, compression,
and blow molding. [8,9] On the other hand, it is very brittle,
has poor elongation, slow biodegradation, and limited gasbarrier properties.[10,11] Therefore, many researchers have
tried blending PLA with other polymers to mitigate these
disadvantages, although variable success.[10-13] Among
the additional polymers that have been investigated are
poly(e-caprolactone) (PCL),[14-16] poly[(butylene succinate)co-adipate] (PBSA),[17,18] poly(ethylene oxide) (PEO),[19]
poly(methyl methacrylate),[20] poly(ethylene glycol),[21]
polyglycolic acid,[22] and poly(butyl acrylate) (PBA).[23]
Many published articles have reported on PLA/PCL
blends, with varying results.[14,16,24,25] PCL is a very ductile
semicrystalline polymer with elongation of up to 700%[26]

and widely utilized in drug-delivery systems.[15,27–29] While
PLA/PCL blends are promising because of their complementary physical properties and biodegradability,[15,25]
they are thermodynamically incompatible and this limits
the breadth of their applications. To date, researchers have
used various methods to improve the compatibility of PLA/
PCL blends. For instance, Chavalitpanya and Phattanarudee[30] used reactive compatibilization technique to
improve the morphology of the polymers while maintaining their biodegradability. Wu et al.[31] have used the
functionalization technique of reinforcement to achieve
interfacial localization of compatibilizer, although at
the expense of reduced mechanical strength.
In recent years, research has shown that when a third
(organic or inorganic solid) component is added to an
immiscible binary polymer blend, it can assist in achieving
improved dispersion and enhanced desirable mechanical
and material properties. In such ternary blends, there could
be preferential localization of the third component in either
of the two polymers,[21,22] influencing favorably blend
morphology and mechanical properties. The preferential
localization of the solid is driven by factors, such as
enthalpic interaction between each polymer and the third
material and/or (kinetic factors such viscosity ratios
between two polymers.[32] Components that are commonly
used for this purpose include clay, carbon nanotubes,
graphite, magnesium oxide, and silica.[10,33] In this direction, Ray et al.[34] first proposed that organically modified
clay can act a nanofiller and, at the same time, as
compatibilizer for the immiscible polymer blends. Most
importantly, transmission electron microscopy (TEM)
observations revealed that the intercalated silicate layers
were located at the interface between the polymers, thereby
reducing the interfacial tension as well as the average size
of dispersed phase particles. This resulted in increased
tensile modulus, strength, and elongation at break of the
modified blend. In subsequent work, they examined the
effect of the miscibility (by calculating solubility parameters) of the organic modifier with the polymers, as well as
the effect of the initial interlayer spacing of the organoclay
upon the morphology and properties of the immiscible
blends. Those authors concluded that the starting interlayer
spacing was the key factor influencing compatibility. A
similar observation was made for surface functionalized
carbon nanotubes in immiscible polymer blends. In the case
of fumed silica-filled immiscible polymer blend systems,
Lipatov[35] and Ginzburg et al.[36] postulated that the
mechanism for slowing down domain growth on the
pinning effect of localized particles.
Recently, boehmite (BAI) nanoparticles have been used in
the preparation of composites based on polymers, such as
PLA,[33a] PP and PA12.[37] BAI is a commercial product that is
distributed under the trade name Disperal. It has a high
dispersibility and has been employed in many applications,

including colloidal composites.[36] A number of researchers
have reported high level of dispersibility of BAI in polymer
matrices, which led to improved tensile modulus and
strength of the composites.[36–40] Some authors have
reported that the incorporation of up to 8 wt% BAI can
serve as reinforcement in low-density polyethylene (LDPE).
BAI can also enhance the ductility of high-density
€ zdilek et al.[41] reported an increase
polyethylene (HDPE). O
in the Young’s modulus of polyamide 6 (PA6) upon the
addition of 5 wt% BAI. Zhang et al.[42] have reported
increased thermal stability and flame-retardant properties
of composites of poly(ethylene terephthalate) (PET) upon
the incorporation of BAI. Also of note is the report by
Ogunniran et al.[36,37] that the selective localization of BAI at
the interfaces of PP/PA12 blends led to an improvement in
the thermal properties of the blends with an increasing BAI
content of up to 5 wt%. Those authors observed a reduction
in the domain size of the dispersed phase at BAI loadings of
5 and 7 wt%, concluding that most properties that were
investigated, such as tensile, thermal, and rheological,
exhibited better enhancement at a 5 wt% loading of BAI.
The objectives of the present work are to: i) find the
most desirable blend of PLA/PCL in terms of mechanical
and thermal properties, ii) characterize the localization of
BAI particles in the blend, and iii) to explore the extent to
which dispersed BAI particles influence the morphology of
the dispersed phase. To this end neat polymers and blends
were tested with and without varying loadings of BAI
between 0 and 6 wt%.

2. Materials and Methods
2.1. Materials
Commercial grade PLA (PLA 2002D) used in this study and
was obtained from NatureWorks LLC, USA. It had a D-isomer
content of 4 wt%; a weight-average molecular weight (M w )
of 235 kg mol-1; a density of 1.24 g cm-3; a glass transition
temperature (Tg) of 60 8C; and a peak melting temperature
(Tm) of 153 8C. The PCL was supplied by Sigma–Aldrich
(South Africa) with the following specifications: CAS no:
24980-41-4; Pcode: 1001304963; M w between 70 000 and 90
000, as determined by gel permeation chromatography. The
BAl powder used was a commercial product that is
manufactured and supplied by SASOL (Germany) under
the trade name Disperal 40, which contains 80 wt% Al2O3.
SASOL developed this product to yield high dispersion and
contain extremely low levels of common impurities such
as iron, sodium, and silica.
2.2. Preparation of Blends and Composites
Because the primary objective was the modification of PLA,
this polymer formed the bulk matrix of all blends, with PCL

ranging from 0 to 40 wt% and 2 to 6 wt% BAI added to the
blends. The samples thus prepared were named based on
the weight percentages of PLA, PCL, and BAI that were used,
respectively. For example, neat PLA was coded as 100/0/0,
and neat PCL was coded as 0/100/0. A blend of 90 wt% PLA
and 10 wt% PCL would have the code 90/10/0, and upon the
addition of 2 wt% BAI, the code would be 90/10/2. For
simplicity, all samples except neat polymers were prepared
in four groups based on composition, namely 90/10, 80/20,
70/30, and 60/40, and each group contained six samples
with different loadings of BAI, namely 0, 2, 3, 4, 5, and 6 wt%.
Before processing, BAI and PLA were dried at 80 8C, and the
PCL was dried at 50 8C, both under vacuum for 24 h. PLA and
PCL were melt-blended using a HAAKE PolyLab OS Rheomix
batch mixer (Thermo Electron Co., USA), operated at a rotor
speed of 60 rpm and a temperature of 162 8C (set temperature) for 8 min. For samples that contained BAI, the requisite
amount of BAI was added to the blend after 2 min of mixing
in the rheomixer, and mixing was then continued for an
additional 6 min. The blends were then compression
molded into various specimen forms such as dog-bone,
circular, and rectangular shapes, using a Carver laboratory
press at 165 8C, and subsequently allowed to cool to room
temperature.
2.3. Characterization
Tensile tests were performed to determine the modulus,
yield strength, and elongation at break of each material
using an Instron 5966 tester (Instron Engineering Corporation, USA) with a load cell of 10 kN in accordance with
ASTM D638; in other words, dog-bone-shaped samples
prepared by compression molding were tested in tension
mode at a single strain rate of 5 mm min-1 at room
temperature (27 8C and relative humidity 40%). The results
presented are averages of six individual tests per sample.
The crystal structures of the nanoparticle powder and all
samples, including the neat polymers, were studied with
a wide-angle X-ray diffraction (WAXD; PanAnalytical
Xpert Pro Diffractometer, The Netherlands) using a Cu Ka
radiation with a wavelength of 0.154 nm, a voltage of 45 kV,
and a current of 40 mA.
The surface morphology of the samples was studied
using an AURIGA scanning electron microscope (SEM) (Carl
Zeiss, Germany). Compression-molded samples were cryogenically fractured under liquid nitrogen, mounted on
aluminum stubs and the fractured surfaces imaged after
coating with gold using an EMITECH K950X sputter coater.
The dispersion of the PCL and BAl particles in the PLA/PCL
blends and composites was studied using TEM. Sections (70–
80 nm) were obtained from the core of compression-molded
samples using a Leica (Austria) EM FC6 cryo-ultramicrotome
set at –120 8C (knife and samples) using a Diatome 358
diamond knife (Diatome, Switzerland). Calibrated images

were captured with JEOL2100 HRTEM (JEOL, Japan) set at an
operating voltage of 200 kV and using a Gatan Ultrascan
camera and Digital Micrograph software.
The morphologies of the molten samples were studied
using a polarized optical microscope (POM) equipped with
a Linkam THMS heating stage (Linkam Scientific Instruments, Ltd.). Samples were sandwiched between two
glass coverslips and heated from room temperature to
190 8C at a rate of 20 8C min-1, maintained at this
temperature for 10 min and then cooled at a rate of
10 8C min-1 to 125 8C to allow the PLA component to
crystallize. The sample was maintained at 125 8C for
80 min, during which time images were acquired using a
Carl Zeiss Imager Z1M OM (Germany). For each sample,
the entire experiment was repeated three times at
isothermal holding temperatures of 120, 115, and 110 8C.
To ascertain the presence of any chemical interactions
among the PLA, PCL, and BAI, attenuated total reflectance
(ATR) Fourier transform infrared (FT-IR) spectroscopy was
performed on the samples using a PerkinElmer Spectrum
100 spectrometer (PerkinElmer, USA) between 500 and
4 000 cm-1 wave number.
Differential scanning calorimetry (DSC) measurements
of samples weighing approximately 10 mg were acquired
using a DSC-Q2000 instrument (TA Instruments, USA) in
the temperature range of –65 to 180 8C under a nitrogen
atmosphere. The samples were tested at identical heating
and cooling rates of 10 8C min-1 in three consecutive scans:
heating, cooling, and heating. The first heating scan was
performed to erase the previous thermal history of the
samples, whereas the second heating scan was used for the
determination of the Tg, crystallization temperature (Tc),
cold crystallization temperature (Tcc), enthalpy of crystallization (DHc), enthalpy of cold crystallization (DHcc), melting
point (Tm), and heat of fusion (DHm). As a result of the
superimposition of the Tm of PCL and the Tg of PLA, a
modulated DSC procedure was conducted to study the
changes in the Tg of PLA in some selected samples. The
enthalpies of melting (DHm) and cold crystallization (DH 0 c )
were calculated using TA Universal software by integrating
the areas under the melting and cold-crystallization peaks.
The Tg value was calculated based on the deflection of the
DSC curve from the baseline during the second cooling
cycle.
The thermal stability of the samples weighing approximately 5 mg was investigated using a thermogravimetric
analyzer (TGA). The TGA (Model Q500, TA Instruments) was
operated in air at a heating rate of 10 8C min-1 from room
temperature to 700 8C.
The melt-state rheological properties of various samples
were investigated using parallel plates of 25 mm in
diameter in a Physica MCR501 stress/strain-controlled
rheometer from Anton Paar (Austria). Each sample was
melted in a parallel plate at 180 8C for 5 min to eliminate

Figure 1a shows that the tensile modulus of the neat
polymers, their blends and the ternary composites. The neat
PLA had the modulus of approximately 1 700 MPa, and the
modulus of 225 MPa was recorded for neat PCL. From the
graph, it can be observed that the modulus of the blends and
composites decreased as the PCL loading increased. Within
each group of composites with the same PCL loading, it was
observed that the addition of BAI improved the modulus of
the composites. The modulus increased from 1 200 MPa
for 70/30/0 to 1 350 MPa for 70/30/6. The addition of the
nanoparticles led to an increase in the modulus that was
approximately monotonic as the amount of nanoparticles
loading increased in blend, with the exception of 5 wt% BAI
loading (i.e., 70/30/5). These results indicate that the
addition of BAI to the blends helped to improve the
modulus of the blends in all groups and confirm the ability
of BAI to act as a filler for the blend.
The tensile stresses at yield of the blends and composites
exhibited the same trends observed for the modulus
(Figure 1b). In general, the composites that contained BAI
exhibited a decrease of up to 43% in the tensile stress at yield
with increasing BAI content compared with the value for
neat PLA. However, the 70/30 group displayed a relatively
constant change in the tensile-stress value regardless of the
level of BAI loading. The neat blend had the lowest value in
this group, and it increased with the addition of 3 wt% BAI.
The tensile stress at yield then remained fairly constant
from 4 to 6 wt% BAI loading. The observed increases in the
modulus and tensile stress-at-yield were expected based on
previous results obtained by other authors,[9] which have
been attributed to the high dispersion of BAI in the blend
matrix.
The elongation-at-break results presented in Figure 1c
demonstrated a considerable improvement in the ductility
of the composites. The elongation at break of 70/40/3
composite exhibited an increase of approximately 400%.
This result is striking by comparison with other reports in
the literature,[15,43] where increases of 200–300% have been
achieved. The elongation increased with increasing PCL
loading, and within a given compositional group, though
not systematic, a decrease in elongation was observed as
the amount of BAI was increased. Again, a more detailed
investigation of the 70/30 group reveals that as the BAI
loading increased, the elongation decreased and that the
reduction was essentially monotonic with the BAI content
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Figure 1. Tensile properties of neat PLA, PLA/PCL blend, and blend/
BAI composites: a) modulus, b) strength, and c) elongation at
break.

except for the composite with 4 wt% BAI loading. The
superior performance of the 4 wt% BAI loading may be
attributed to the good dispersion observed in the TEM
results (as discussed later). Nevertheless, this result
suggests that the BAI acted mostly as filler and that adding
BAI in amounts greater than the optimum amount of 4 wt%

may have no further beneficial effects on the mechanical
properties. The improvements in elongation and toughness
are attributed to the rubbery nature and blend morphology
of the dispersed phase[44] and within a group, as the loading
of nanoparticles was increased, the difference was not
generally significant. Therefore, it was concluded that the
changes in the tensile properties of the blends and ternary
composites could be primarily attributed to changes in the
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3.2. Structure and Morphology
Figure 2 presents the results of the XRD analysis. The
characteristic peaks associated with PLA crystals, which
are usually observed at 2u ::: 16.7 and 18.8 for lattice
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Figure 2. X-ray diffraction patterns of neat polymers, blends, and blend/BAI composites: a) 90PLA/10PCL blend and its BAI-containing
composites, b) 80PLA/20PCL blend and its BAI-containing composites, c) 70PLA/30PCL blend and its BAI-containing composites, and
d) 60PLA/40PCL blend and its BAI-containing composites.

planes 110/200 and 203, respectively,[45,46] were absent in
all of the XRD patterns, including those for the blends and
composites. However, a broad peak was observed in the
neat PLA XRD pattern at 2u ::: 16.4, indicating that the PLA
was largely amorphous. It has been reported in several
studies[47,48] that PLA and its nanocomposites do not
crystallize easily when they are quenched from a melt,
resulting in the production of a material with low
crystallinity. However, it is believed that nanoparticles
can disperse more easily in polymer matrix with lower
viscosity and in this case it is PLA (Figure S1, Supporting
Information). This phenomenon may also explain why
most of the BAI nanoparticles were located in the PLA
matrix, as seen from the TEM results. According to Ojijo
et al.[17] and Xiao et al.,[45] crystals of PLA containing 4 wt%
D-enantiomer, will grow only if the polymer is annealed for
a minimum period of 1.5 h at 130 8C, above the Tg. The XRD
patterns for the blends exhibited PCL peaks at 2u ::: 21.458
and 23.768. As the PCL loading was increased, the intensity
of the peaks also increased, accompanied by a small
decrease in the Bragg angle, 2u (Table S1, Supporting
Information). The XRD patterns of the composites contained peaks associated with PCL and BAI. Whereas the PCL
peaks followed the same pattern observed in the blends, the
BAI peaks were similar from one group to another. In each
group, the intensity of the BAI peaks was distinctly
increased for BAI loadings of 4 wt% or more. The shift in
the value of 2u toward lower values indicates that there was
a change in the crystal type of the base polymer.[49,50]
The formation of PLA crystals, under conditions (above
the Tm of PCL) such that PCL crystals could not form was
further investigated using the POM, and the results are
presented in Figure S2 and S3 (Supporting Information). As
mentioned above, for crystals of PLA to grow and exhibit
their maximum strength, the composite must be maintained under isothermal conditions between 100 and 125 8C
for a certain time that depends on the composition of
the material and the annealing time, as seen in Figure S2,
Supporting Information. The POM results presented in
Figure S3, Supporting Information confirm that PLA
spherulites grew at different rates at different isothermal
temperatures depending on the composition of the
material. These growth behaviors may have affected the
mechanical and thermal properties of the materials.
It is evident from the SEM results, which are presented in
Figure 3 that the PCL was well dispersed in the PLA matrices.
It was observed that the sizes of the dispersed domains of
PCL grew as the PCL content increased. The dispersion of PCL
in the PLA matrix was observed to improve with increasing
BAI loading. Therefore, the addition of the nanoparticles
was found to improve the phase separated morphology
of the composites. The size of the PCL domains in the
composites with 4 wt% BAI loading seemed to be larger
than in the composites with 2 wt% BAI loading but the

same as in the composites with 6 wt% BAI loading in all
groups. Moreover, the formation of fiber-like structures was
observed at 4% BAI loading, as in a similar study by
Takayama et al.[24] We believe, this may be due to the
resistance to fracture or increase toughness of the material
at this loading, where BAI particles are well dispersed in
70/30 blend matrix. Such finding confirms the observed
mechanical properties of the ternary composites with 4 wt
% BAI loading, as discussed before. According to Ojijo
et al.,[51] there is a maximum domain size that must be
formed by the disperse phase for the best properties of the
composites to be achieved. This domain size is referred to
as the maximum specific interfacial area and allows the
maximum intermingling of the PLA and PCL chains near
the interfaces. The 4 wt% level of BAI loading appeared to be
the optimum loading for the achievement of the balanced
mechanical and material properties of 70/30 blend. At
greater loading, there was a downward trend in the
properties of the materials. However, the 70/30 group
composites exhibited a trend that was relatively insensitive
to the level of BAI loading, as observed for the tensile results.
This finding suggests that the 70/30 group might be the
compositional group for which the properties are balanced.
The composites of the 60/40 group displayed co-continuous
phase composites, unlike the spherical domains observed
for other groups, indicating that phase inversion must
have occurred. This observation is in agreement with
the finding of Wu et al.[52] that the phase-inversion
composition should lie between 70/30 and 60/40 (PLA/PCL).
From the TEM results presented in Figure 4, it is evident
that the dispersion of PCL in the PLA matrix was fairly
uniform and that the dispersed domain seemed to grow in
size in increasing PCL and BAI loadings. The BAI nanoparticles were observed to be well dispersed but located
mostly within the PLA matrix, with relatively few located in
the interfacial region. This selective localization of BAI in
the PLA domain can be attributed to the fact that the PLA
has lower viscosity during processing, as discussed above.
Based on this finding, it can be confirmed that the BAI
particles acted mostly as filler that strengthened the
material, as reported by Ogunniran et al.[36,37] and Das
et al.,[33] rather than as a compatibilizer. However, some
localization of the few nanoparticles along the interfaces
was observed, mostly for the blend composites with 4 wt%
BAI loading. This interfacial localization must have assisted
in maintaining the maximum interfacial area of the
dispersed domain, indicating that the BAI can function as
a compatibilizer.
3.3. Thermal Stability
The results of the thermal-oxidation degradation analysis
of the neat PLA and PCL, their blends and the ternary
composites are presented in Figure 5 and 6. These results

Figure 3. SEM surface morphology of neat blends and blend/BAI composites: a, a0 , a00 , a000 90PLA/10PCL blend and its BAI-containing
composites, b, b0 , b00 , b000 80PLA/20PCL blend and its BAI-containing composites, c, c0 , c00 , c000 70PLA/30PCL blend and its BAI-containing
composites and d, d0 , d00 , d000 60PLA/40PCL blend and its BAI-containing composites.

exhibited the typical trends expected of polymeric materials. Parts (a–d) of Figure 5 present the degradation patterns
of the materials in each group, with those of the neat
polymers included in each, whereas parts (a–d) of Figure 6
present the first-derivative curves (dTGA) of the materials in
each group alongside those of the neat PLA and PCL
matrices. In addition, Table 1 summarizes the TGA data,
which include i) the degradation temperature, T5, at which
5% weight loss occurred; ii) the maximum temperature at
which maximum degradation occurred, Tmax; and iii) the
percentage char at 500 8C.
The results presented in Figure 5 indicate that the neat
PLA and PCL exhibited higher thermal stability than the
blends and ternary composites. In addition, there was no
noticeable difference in the thermal stability of the blends
compared with that of the composites in each group.
However, differences in their T5 temperatures were
observed, as presented in Table 1.
With regard to the neat polymers, PLA is known to have
poor thermal stability compared with PCL, as can be

observed from the TGA results. However, blending PLA
with PCL further reduces the thermal stability of the
resultant blends and composites. This is due to the highly
phase-separated morphology of the blends and a higher
PCL loading has no effect of blend thermal stability.
However, within each group, the thermal stability
generally increased with an increasing loading of BAI
up to 4 wt% and then began to decrease. One explanation
for this observation is that inorganic substances possess
high thermal stability; they act as heat barriers and
retard volatilization. Therefore, the addition of BAI to
the blends clearly improved the thermal stability of
the materials.[18] These results also demonstrated that
4 wt% BAI loading corresponds to the maximum amount
in which the presence of BAI is beneficial; at greater BAI
content, the material properties may begin to deteriorate.
Furthermore, these findings demonstrated that the
addition of up to 4 wt% BAI improved the thermal
stability of the composites, with exception of the 80/20
group (Figure 5b).

I

Figure 4· TEM images of various blend/SAl composites: a, a', a") goPLA/10PCL blend and its SAl-containing composites, b, b', b") 8oPLA/

20PCL blend and its SAl-containing composites,c, c', c") 70PLA/3oPCL blend and its SAl-containing composites,and d, d', d") 6oPLA/4oPCl
blend and its SAl-containing composites.
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Figure 5. TGA thermograms of neat polymers, blends, and blend/BAI composites: a) 90PLA/10PCL blend and its BAI-containing composites,
b) 80PLA/20PCL blend and its BAI-containing composites, c) 70PLA/30PCL blend and its BAI-containing composites, and d) 60PLA/40PCL
blend and its BAI-containing composites.

The dTGA curves, which are presented in parts (a–d) of
Figure 6, clearly reflected the presence of the two different
polymers, as seen from the presence of shoulder peaks for
the blends and composites. These results indicate that the
blends and composites were largely physical mixtures. As
the amount of PCL was increased, the shape of the dTGA
curves and the temperature of maximum degradation
changed. These results are indicative of the time required
for the composites to decompose or degrade following the
end of their useful life. Therefore, the energy requirement
for the decomposition of the composites decreased as the
amount of PCL was increased but increased as the BAI
loading was increased, with a maximum at 4 wt% BAI
loading. Furthermore, the addition of BAI was observed to
minimize the shoulder-peak intensities, leading to their

gradual disappearance, as seen in parts (c) and (d) of
Figure 6. Again, from close investigation of the 80/20 and
70/30 groups, it can be seen that the two groups are direct
opposites of one another, much like mirror images.
Hypothetically, this behavior can be interpreted as the
approach toward phase inversion as the amount of PCL in
the composites becomes more significant; phase inversion
most likely occurs near a 70/30 composition following the
addition of 3–5 wt% BAI.
3.4. Thermal Properties
The results of the DSC analysis are presented in Figure 7
and 8. The Tm of the neat PLA was found to be 152.14 8C,
whereas that of PCL was found to be 55 8C. From parts (a–d)
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Figure 6. dTGA thermograms of neat polymers, blends, and blend/BAI composites: a) 90PLA/10PCL blend and its BAI-containing composites,
b) 80PLA/20PCL blend and its BAI-containing composites, c) 70PLA/30PCL blend and its BAI-containing composites, and d) 60PLA/40PCL
blend and its BAI-containing composites.

of Figure 7, it can be seen that there was a sharp decrease in
the Tm of PCL in the 90/10 and 80/20 groups. However, with
the addition of BAI, the Tm values of the composites
gradually increased in these groups. The melting peaks
broadened in the 90/10 and 80/20 groups, whereas in the
70/30 groups, the peaks were sharp and intense. The Tm
values for PCL in the 70/30 and 60/40 groups were observed
to be higher, although the increment was marginal
compared with the neat PCL. Because of the proximity of
the PLA Tg to the Tm of PCL, the melting peaks of the 90/10
and 80/20 groups exhibited shoulders. The melting peaks
for PLA were broad, indicative of the low crystallinity of the
PLA in the blends and composites. However, the neat PLA
exhibited a very weak peak that was nearly flattened out,
indicative of low crystallinity in the neat PLA as well.

According to the results presented in Figure 7, the melting
exotherm for PLA in the PLA/PCL/BAI composites was at a
maximum for the neat blends in each group and gradually
decreased with the addition of BAI. As the PCL content was
increased, the intensity of the melting peak for PLA also
increased, indicating an increase in crystallinity.[53] The
nearly flat melting exotherm of the neat PLA may be further
explained by the fact that several independent studies
have reported[54-56] that when PLA is cooled from melt, no
PLA crystals will grow in such material, hence its largely
amorphous nature.
The crystallization exotherms are presented in parts (a–d)
of Figure 8 for all groups. No crystallization peak was
observed for PLA, as expected, because of the formation of
the cold-crystallization peak. In Figure 8a, it can be seen that

Table 1. Thermoxidative parameters of all samples calculated from TGA and presented as a function of %PCL and %BAI added.

T5

TMAX

W T500

BAI loaded [wt%]

PCL loaded
[wt%]

0%

2%

3%
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20

316.5
312.5

316.2
308.5

310.0
309.3
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304.8

40
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362.1
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4%
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6%
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305.5

315.5
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315.4
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311.0
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313.0
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361.5
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338.0

338.7
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338.4
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:::0.0

2.0

3.2
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3.9

5.4

30
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3.653

4.1

4.8
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1.3

3.0

3.2

4.675

4.7

6.2

T5 is the temperature at 5% weight loss, TMAX is the temperature at which the maximum degradation rate occurs, and WT500 is the
% char at 500 8C.

the crystallization peaks for PCL in the 90/10 blend and
composites were nearly flat, indicating that the 10 wt% PCL
that was added was greatly suppressed by the PLA. The
exotherms presented in Figure 8b displayed broadened
peaks and were very irregular, with no clearly deducible
pattern. However, in Figure 8c, the peaks can be seen to have
initially shifted toward higher temperatures from those
observed for the 70/30/0 blend and then broadened for the
70/30/4 and 70/30/5 composites. This behavior might be
related to the formation of the maximum interfacial area by
the dispersed phase. The crystallization peaks observed in
Figure 8d were smooth peaks with only minor changes
in crystallization temperature and enthalpy (Table S2,
Supporting Information). According to Chiu et al.,[57] PLA in
blends and composites exhibits increased crystallizability
in the presence of PCL, as observed from the percent
crystallinity of the various materials (Table S2, Supporting
Information). In the case of the blends, the crystallinity of
the PLA increased from 0.53% in the neat polymer to 41.46%
in the blend with 40 wt% PCL loading. The crystallinity in
the blends was observed to increase with increasing wt%
PCL. Therefore, it can be assumed that the presence of
molten PCL influenced the crystallization rate of PLA. In
the case of the composites, the addition of BAI initially
increased the percent crystallinity of the PLA with the
addition of up to 2 wt% BAI, after which there was a sharp
reduction in the percent crystallinity of the PLA with
increased BAI loading. These observations indicate that the
BAI influenced the crystallization rate only at a low level of
loading. At a high level of loading, the BAI was inactive in

the nucleation process of the PLA. The highest percent
crystallinity was obtained for the composite with 30 wt%
PCL and 2 wt% BAI. This increase may be partially attributed
to the maximum interfacial area formed by the dispersed
phase at 30 wt% PCL.
The Tm peak values for all groups can be more clearly
observed in Figure 9. The Tm for PLA decreased as the level of
PCL loading increased. This behavior may be related to the
lower crystallinity of the composites, as discussed above.
The greatest decrease in the PLA Tm was 3.5 8C, indicative of
a phase dependence between PLA and PCL.[44] The difference in the values of Tm for PLA among the composites was
marginal, with the lowest recorded Tm being 149.63 8C for
the 70/30/2 composite. This finding might also serve as
confirmation of the BAI acting as a nucleating agent at low
loading levels. The BAI nanoparticles acted as nucleation
sites for the PLA, leading to the formation of too many
crystals of small size (see Figure S2, Supporting Information), and the material therefore at a lower temperature
compared with the other composites. The 70/30 group
exhibited the greatest decrease in the Tm for PLA, thus
confirming the uniquely high interfacial interaction in this
group, which gave rise to its better properties.
The change that arose in the Tg of PLA as a result of
compounding with PCL and BAI was of greater concern. The
superposition of the melt endotherm of PCL with the Tg of
PLA made it difficult to observe the Tg of PLA from the
standard DSC heating scan, as seen in parts (a) to (d) of
Figure 7. Therefore, the Tg for PLA was determined from the
cooling scan of the crystallization exotherms (Figure 8). In
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Figure 7. DSC second heating thermograms of neat polymers, blends, and blend/BAI composites: a) 90PLA/10PCL blend and its BAIcontaining composites, b) 80PLA/20PCL blend and its BAI-containing composites, c) 70PLA/30PCL blend and its BAI-containing composites,
and d) 60PLA/40PCL blend and its BAI-containing composites.

addition, a modulated DSC scan was performed on selected
samples, and the results of this scan were compared to those
of the cooling scan to ascertain whether the cooling-scan
results were reliable (Table S2, Supporting Information).
From the results summarized in Table 2, the Tg values for
PLA can be seen to have decreased as the PCL loading
increased from 10 to 30 wt% and then increased upon the
addition of 40 wt% PCL. The same trend was observed for
samples of the neat blends and the composites with 4 wt%

BAI. All results presented in Table 2 exhibited similar trends
in the Tg values. The lowest values of Tg were obtained in the
70/30 group for the neat blend and 4 wt% BAI loading.
Moreover, from the trend of the 70/30 group alone, it is
evident that the Tg value decreased as the BAI loading
increased up to 4 wt% loading and then began to increase
with increasing BAI loading. This finding confirmed that
the compatibility was best within the 70/30 group and
improved further with the addition of BAI particles to a
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Figure 8. DSC cooling (from melts) thermograms of neat polymers, blends, and blend/BAI composites: a) 90PLA/10PCL blend and its BAIcontaining composites, b) 80PLA/20PCL blend and its BAI-containing composites, c) 70PLA/30PCL blend and its BAI-containing composites,
and d) 60PLA/40PCL blend and its BAI-containing composites.

maximum at 4 wt% loading. The reduction in Tg indicated a
tendency for compatibility between the two polymers for
properly chosen kinetic conditions. As was observed in the
tensile measurements, there was an effective transfer of
stress between the two polymers, leading to an increase in
the toughness and elongation at break of the materials. A
number of reports have demonstrated that thermodynamic
miscibility between PLA and PCL is not possible;[15,24,30]
therefore, for any improvement in the thermal and

mechanical properties of such blended materials to be
achieved, the kinetic parameters, such as temperature,
speed of mixing, and duration of processing, must be
considered.
3.5. Melt-State Rheology
The results of the melt rheology for selected samples are
summarized in Figure 10. The dynamic storage modulus is
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Figure 9. Melting temperatures for PLA phase in the prepared
blends and composites.

considered to be one of the rheological properties that can
provide the most accurate information regarding the
phase inversion of polymer blends.[58–61]
According to the results presented in Figure 10, some
unusual behavior of both G0 and G00 is due to the degradation
of PLA matrix during experiments (time sweep results can
be found in Figure S4, Supporting Information), however,
there was a well-defined dependence between the dynamic
moduli and the PCL and BAI contents of the blends and
composites. The dynamic moduli (G0 and G00 ) also exhibited
a clear dependence on frequency. At lower frequencies,
there was a monotonic increase in the storage modulus, G0 ,
with increasing PCL and BAI contents, and this increase
exhibited the common trend that is expected of polymer
materials, which are non-terminal. At higher frequencies,
the dynamic moduli G0 and G00 exhibited terminal behavior
that was also dependent on the PCL and BAI loadings. The

highest G0 and G2 values were observed for the neat PCL, and
the neat PLA exhibited the lowest values of G0 and G2. These
findings directly contradict those reported by Wu et al.[52]
From parts (a) and (b) of Figure 10, for the blends at higher
frequencies, it is apparent that G0 and G2 increased as the
PCL content increased from 0 (neat PLA) to 30 wt% and then
began to decrease. This finding again confirms the DSC and
TEM observations discussed before, which revealed an
improvement in the dispersion and morphological stability
that peaked for the 70/30/4 composition. Upon the addition
of BAI, the dynamic storage modulus G0 of the ternary
composites that contained 4% BAI exhibited the same trend
as those of the blends (Figure 10). The 70/30/4 composite
possessed the highest G0 , followed by the 80/20/4 composite and then the 60/40/4 composite, thereby confirming
that 70/30/4 exhibited a good dispersion of the BAI particles
in the blend. The results presented in Figure 10 indicate that
the 70/30/4 composite still possessed a higher dynamic
modulus (both G0 and G00 ) than the 70/30/2 and 70/30/6
composites, confirming that the 70/30/4 composition
represented the turning point in the property behavior,
as observed from previous analyses. These results also
suggest a higher modulus for PCL than for PLA, contrary to
results published by Wu et al.[52] This may be due to the
different grade of PLA matrix we have used in this study. A
steady decrease in the values of G0 and G2 was observed for
increasingly lower frequencies. For the neat polymers, a
shoulder plateau appeared at the lower frequencies,
signifying shape relaxation. The samples based on a 70/
30 blend exhibited the same shape relaxation at a much
higher frequency of approximately 1 rad s-1, whereas the
60/40 neat blend exhibited a pattern similar to that of the
neat PCL. This finding indicated that in the 60/40 neat blend,
there was a co-continuous phase of PCL, implying that
phase inversion had occurred. Furthermore, the G0 values
for the blends and composites became higher than that of
PCL at lower frequencies and at the lower end of the range of
investigated frequencies, the G0 for the 60/40/4 composite
was the highest. This finding may be attributable to
an increase in particle–polymer interaction at lower

Table 2. Tg values for selected samples from normal cooling scan curve and Modulated DSC. Show the trend as (A) – the amount of PCL
added is increasing and (B) – the % BAI is increased for 70/30 group.
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Figure 10. Plots of dynamic storage modulus (G0 ) (a–c) and loss modulus (G2) (a0 –c0 ) for neat polymers, their blends, and composites of BAI.
a and a0 ) neat polymers and neat blends, b and b0 ) blends with 4 wt% BAI, and c and c0 ) the trend in the 70/30 group with increasing BAI
loading.

frequencies or the formation of network structure. The G2
values exhibited the same dependence on the PCL and BAI
loadings with regard to a change in frequency. However,
there was an increase in the G2 of the 70/30/4 and 70/30/6

composites over that of the neat PCL in the mid-frequency
region and was continued up to low frequency range. This
behavior in the dynamic modulus indicates that phase
invasion may occur near a 70/30/4 composition.

According to Hyun et al.,[62] when G0 < G2, the material
exhibits liquid-like behavior, and when G0 > G2, it exhibits
solid-like behavior. However, when G0 is greater than G2 for
all frequencies, this indicates that the dispersed particles
have formed a network. Such a network increases the elastic
response of the molten polymer such that the material is
considered to be a pseudo-solid. The gradual disappearance
of the shape-relaxation plateau with increasing BAI
loading, as observed in Figure 10a, is an indication that
as the BAI content was increased, more of the BAI particles
preventing or reducing shape relaxation.
3.6. FT-IR Studies
FTIR analysis was performed to determine the existence
(or absence) of any chemical interactions among the two
polymers and the nanoparticles. From the ATR-IR spectra
(Figure S4, Supporting Information), it was apparent that
all functional groups of the individual polymers were still
present, with little or no shift in their absorption-peak
values. Because PLA and PCL are both aliphatic polyesters
with similar structures, their C5
5O, C—O—C, and C—C
peaks were observed at 1 754, 1 175, and 1 200 cm-1,
respectively. Because no new peak was formed as a result
of any form of chemical interaction, it can be concluded
that the blends and composites that were prepared were
merely mixtures, with only physical interactions among
the components.

maximum sizes of the PCL particles. In addition, some of the
BAI particles were found to be localized in the interfacial
region between the polymers, especially in the 70/30/4
composite. Furthermore, the POM results demonstrated the
controlled formation of uniform crystals in the 70/30/4
composite. From the thermal analysis, the Tm of PLA and PCL
were observed to shift toward each other by an average
of ± 2 8C as increasing the loadings PCL and BAI, accompanied by an increase in crystallinity. The rheological analysis
demonstrated that there was good dispersion and improved interfacial interaction among the components,
peaking at 4 wt% BAI loading in the 70/30 blend, and thus
confirmed that the 70/30/4 composite represented the best
composition for the preparation of PLA/PCL/BAI composites
because it offered the maximum values of the loss and
storage moduli. Therefore, it was concluded that the
addition of BAI leads to reasonable improvement in the
phase separated morphology of PLA/PCL blends and that a
maximum BAI loading of 4 wt% is required for balanced
properties.

Keywords: biodegradable; boehmite; composites; mechanical;
thermal and rheological properties

4. Conclusion
To increase the number of available options for PLA and
broaden the scope of its possible applications, blends of
PLA/PCL were prepared and compounded with BAI to
develop ternary composites. The resulting blends and
ternary composites were characterized for their thermal,
mechanical, and rheological properties. From the results
obtained, good improvement was observed in the elongation of the ternary composites, although this improvement
decreased as the BAI content was increased. However, the
composite that contained 4 wt% BAI proved to be the
exception to this trend. Moreover, the addition of BAI to
the blends generally improved their moduli monotonically
as the amount of BAI that was added increased, with
the exception of the composite with 4 wt% BAI, which
demonstrated an exceptional increase. In the morphological analysis, the SEM results indicated improved phase
separated as the amounts of PCL and BAI were increased,
whereas the TEM results indicated that the PCL dispersed
phase grew in size as the PCL and BAI loadings are increased
and peaked at 30 wt% PCL and 4 wt% BAI, after which a
continuous phase of PCL formed. The 70/30 blend yielded
the most uniform dispersion of the PCL in the PLA with
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