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ABSTRACT.

In evaluating emerging technology, such as additive manufacturing, it is important to analyse the
impact of the manufacturing process on efficiency in an objective and quantifiable manner. This study
deals with the design and simulation of a bearing housing made from titanium alloy (Ti6Al4V) using
the selective laser melting (SLM) technique. The Finite Element Analysis (FEA) method was used
for assessing the suitability of Ti6Al4V for aerospace application. The choice of Ti6AI4V is due to
the comparative advantage of its strength-to-weight ratio. The implicit and explicit modules of the
Abaqus software were employed for the non-linear and linear analyses of the component part. The
results obtained revealed that the titanium alloy (Ti6A14V) sufficiently meets the design, functional
and service requirements of the bearing housing component produced for aerospace application. The
designed bearing is suitable for a high speed and temperature application beyond 1900 K, while the
maximum stress induced in the component during loading was 521 kPa. It is evident that the developed
stresses do not result in a distortion or deformation of the material with yield strength in the region
of 820 MPa. This work provides design data for the development of a bearing housing for AM under
the technique of SLM using Ti6Al4V by reflecting the knowledge of the material behaviour under the
operating conditions.

KEYWORDS: Additive manufacturing, bearing housing, FEA, titanium alloy.

1. INTRODUCTION

© 2022 The Author(s). Licensed under a|CC-BY 4.0 licence
Published by the [Czech Technical University in Prague

fields of aerospace, medical, and automotive engineer-
ing, and many more, due to its excellent mechanical

In evaluating emerging technology such as additive
manufacturing, it is important to analyse the impact
of the manufacturing process on efficiency in an objec-
tive and quantifiable manner. Over the years, several
production methods, such as casting and conventional
machining, have been used for the development of
the high-value bearing housing component. However,
the quest for efficiency in line with the Fourth In-
dustrial Revolution (FIR) has brought about recent
advancement in the use of additive manufacturing
(AM), specifically the selective laser melting (SLM)
process. Component simulations are very important
in determining generic performances and can provide
a comprehensive way to understand the behaviour of
components or a material in service before the manu-
facturing process [I]. The process is usually iterative,
thus, paving the way for adjustments of the process
conditions in order to come up with the best compo-
nent design that will meet the required service and
functional requirements. This approach provides the
required control right from the design phase in order to
prevent expensive reworks. The use of titanium alloy
is increasingly gaining widespread attention across the

properties. In the field of aerospace, titanium alloy has
been used for many years mostly due to its mechanical
properties advantage [IH3]. Commercially, among the
benefits that either titanium alloys or pure titanium
offers as a material are high strength-to-weight ra-
tio (density being 60 % of steel), light weight, and
outstanding temperature strength [4]. Furthermore,
Ti6Al4V is the most commonly used titanium alloy
where high reliability is required due to its superior
mechanical properties to others [4]. Similarly, the
demand for titanium in manufacturing processes is
growing with the target for sustainability of aircraft
metal parts production owing to its environmental
friendliness [5]. The properties of the titanium alloy
depend on the microstructure, the size and arrange-
ment of the alpha and beta (a+ )-alloys phase where
temperature is one of the factors that can significantly
alter the microstructure coordination [6H8]. Hence,
the quest for components supporting high-performing
and light-weight bearings in aerospace applications
require proper design, simulations and a good quality
operation prediction control.

639


https://doi.org/10.14311/AP.2022.62.0639
https://creativecommons.org/licenses/by/4.0/
https://www.cvut.cz/en

M. Oyesola, K. Mpofu, I. Daniyan, N. Mathe

AcTA POLYTECHNICA

Bearings are components that find applications in
the shaft of the aircraft engines, accessory gear box,
landing gear, aircraft turbine, and numerous other
places of use. Bearings used in any type of aerospace
machinery must meet strict standards for material
and quality control due to the harsh environments
of operation. There are material standards, testing
requirements, and required traceability on all parts.
One of the characteristics required for bearings of a
jet engine main shaft is the auxiliary power units for
absorbing stress and providing support for loads [9].
The key characteristics required for the bearings in a
jet engine main shaft are:

e gsuitability for high-speed rotation,
e high operating temperature,
e high reliability and traceability.

The main features of a bearing in its housing are in
three forms, namely; bearing types (three-point con-
tact ball or cylindrical roller), bearing material, and
bearing design. Recent jet engines are designed to op-
erate at higher temperatures and pressures for a lower
fuel consumption, and to have a lighter weight [9].
These are key requirements in the quest for sustain-
ability in terms of energy consumption and environ-
mental friendliness as well as in the operational perfor-
mance of the aircraft. The structure of the bearings
for jet engine main shafts is becoming more compli-
cated, hence reliability of the bearing housing must
be improved. This important development task is
being pursued on several fronts as in this study for
AM [I0]. To accommodate the wide variety of perfor-
mance characteristics designs and manufactures, the
development of bearing with a high reliability is neces-
sary. The usual production methods of a bearing and
its housing since ages-wise are through conventional
machining and casting techniques [I1]. The develop-
ment of a bearing housing through the conventional
means are met with some challenges, which can be
suitably addressed with the use of AM technologies.
For instance, the dynamics of service requirements ne-
cessitates the development of a bearing housing with
improved quality. The improvement in the quality
often requires some degree of flexibility during the
design and manufacturing phase. Compared to the
conventional methods, the AM technologies provide a
high degree of flexibility tolerance during the product
development. Furthermore, the Laser-Powder Bed Fu-
sion (L-PBF) of Additive Manufacturing technology
known as Selective Laser Melting (SLM) has gained
an increased attention in recent years due to the abil-
ity of the process to produce near-net shape parts
directly from CAD files without the retooling cost
associated with casting or forging [II]. This makes
the process considerable cost-and-time effective as
compared to the conventional means. With SLM,
traditional manufacturing processes, such as cutting,
milling and grinding will not be necessary. Benefits
include:
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(1.) new designs not possible using conventional sub-
tractive technology,

(2.) dramatic savings in time, materials, waste, energy
and other costs of producing new components,

(3.) significant reductions in environmental impact,
(4.) faster time-to-market.

SLM builds up finished components from a raw ma-
terial powder, layer by layer, through laser melting.
Hence, the performance consideration of the process
towards producing the referenced component of bear-
ing housing directly.

The aircraft engine operates at very high tempera-
tures, hence, a bearing part development must take
into consideration the use of process that retains ex-
cellent mechanical properties at high temperatures
such as the SLM. This is because a high temperature
can promote cyclic stress and fatigue that can cause
the bearing support to fail catastrophically in service.
Furthermore, bearings developed for aircraft applica-
tions should be suitable for high speed rotation with
excellent fracture strength to withstand the stress
developed [12]. The desirable mechanical properties
that must meet the required service conditions include;
excellent wear resistance, hot-hardness, high strength-
to-weight ratio [I2]. While the design takes account
of the suitable specifications for the required service
conditions, the Finite Element Analysis (FEA) will
examine the behaviour of the component as well as
its mechanical properties under varying temperature.
This will enable the manufacturer to ascertain the
adequacy of the design for the required service condi-
tions. To determine the effects of a varying dynamic
response and excitation of components, a simulation
model that includes specific geometric constraint as-
sumptions needs to be developed. A simulation model
of FEA that determines the dynamic response of the
bearing housing component, which interpolates the
solution from a set of precomputed values to provide
faster results for design purpose, is required for a
conformance investigation.

FEA is a powerful computer simulation tool, which
has been adopted in many industries, including the
aviation and automotive industry, for studying the
behaviour of engineering systems under a variety of
loading conditions. The reliability of a bearing hous-
ing is expected to be improved via proper design and
FEA is a good quality control tool. This tool helps to
determine manufacturability and heat treatment pro-
cesses in order to ensure that the developed bearing
component conforms to the standards. The FEA and
simulation tools such as Abaqus has not only been
valuable for maximising the performance of products,
but also found useful applications in the development
of more detailed instructions for operating and main-
taining a finished component [I0HI2]. The SLM is
one of AM technologies for metal fabrication with a
processing capacity of good manufacturing accuracy
and it is considered suitable for the purpose of this
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work. This is because the process possesses an ex-
cellent controllability of internal complex structures
for aerospace parts with large-scale and thin-walled
complex structures [I1].

Many works have been reported on the develop-
ment of titanium alloy for aerospace applications. For
instance, Zhu et al. [I3] reported on the aerospace sys-
tem and component design for light-weighting while
Huda and Edi [I4] reported on the material selection
in the design of structures and engines of supersonic
aircrafts. Inagaki et al. [I5] reported that the use of
titanium alloy for aerospace application has several
merits, such as high compatibility with carbon fibre
reinforced polymer, reduction in the maintenance cost,
excellent fatigue strength and fracture toughness, high
crack propagation, and good heat and corrosion re-
sistance. Although the use of aluminium alloy brings
about significant high strength-to-weight ratio of the
aerospace component, it also has a drawback of reduc-
ing the strength of aluminium as temperature exceeds
200°C [14, [15]. As such, aluminium alloy may fail
catastrophically under the required service conditions,
especially in extreme situations when the temperature
exceeds the threshold. However, titanium is more suit-
able for high temperature applications though there
is a need for the investigation of the thermal loads
necessary for such service requirement because of its
low thermal conductivity that can result in build-up
stresses [16] [I7]. The successful adoption of AM tech-
nology within the industry depends on its ability to
reduce manufacturing costs and lead times without
compromising the quality and mechanical properties
of the finished product. In recent years, AM has
had considerable successes in prototyping within the
aerospace industry, permitting rapid design and prod-
uct modifications, which in turn have enabled the
final components to be manufactured quickly without
a long lead time. In recent years, General Electric
(GE) has been at the forefront of AM adoption for
aircraft propulsion systems, integrating several AM
technologies into new product developments. One
landmark application of AM in the aerospace industry
is the fabrication of individual fuel nozzles made of
titanium to be used in a single commercial “Leading
Edge Aviation Propulsion” (LEAP) engine by “Cubic
Feet per Minute” (CFM) [18].

In terms of utilization in the aerospace industry,
the primary PBF techniques comprise selective laser
melting (SLM) and electron beam melting (EBM) [19].
The primary benefit of SLM and PBF, in general, is
their ability to produce components of high resolution
and quality, making their applications in the aerospace
industry particularly useful.

In SLM, the build operation typically takes place in
a vacuum or inert atmosphere (argon or nitrogen) to
prevent the formation of surface oxides on the molten
metal layers. The SLM process is very similar to
direct metal laser sintering (DMLS) and SLS, with
both undergoing a complete powder melting regime

The laser beam provides a sufficient energy to raise
the powder above its melting temperature, creating a
small region termed the ‘melt pool’ at an exact loca-
tion that corresponds to the 2D projection of the CAD
model. While SLS can utilise a range of polymers,
metals, and alloy powders, and DMLS exclusively met-
als, SLM is primarily focused on particular metals,
such as steel, aluminium, and titanium [19].

However, both DMLS and SLS lack the capabil-
ity to fully melt the deposited powder material while
the SLM has the ability to do so, resulting in the
latter’s superior mechanical properties [20]. The pri-
mary benefit of SLM and PBF, in general, is its ability
to produce components of high resolution and qual-
ity, making its applications in the aerospace industry
particularly useful. In recent years, common metal-
lic materials used to fabricate components for the
aerospace industry have included tool steels and stain-
less steels, titanium, nickel, aluminium, and alloys
of these materials [20]. Ti6Al4V alloy has gained
widespread attention in the aerospace industry due
to its combined properties of high strength, fracture
toughness, and low density, together with a low coef-
ficient of thermal expansion [2I]. Significant efforts
have been made in recent years to insert AM compo-
nentry into both structural and propulsion systems of
aircrafts. Airbus used AM to produce A350 brackets
from Ti6A14V in 2014, the first metal AM components
used for the interior of a commercial aircraft [21].

The objective of this paper is to perform the FEA of
the bearing housing component from Ti6Al4V using
the commercial software code Abaqus®.

The motivation for this work is the need to develop
an aero-based component that will meet the required
service and functional requirements taking into con-
sideration all relevant effects for high speed applica-
tions. The work, therefore, employs a fast dynamic
simulation model, for the investigation of the mate-
rial behaviour under the thermos-mechanical loading
conditions. Therefore, a minimal set of degrees of
freedom, and analytical and physical motivated so-
lutions were reviewed in this study. The novelty of
this work lies in the investigation of the suitability of
adopting titanium alloy for AM of a bearing housing
for aerospace applications. The use of titanium alloy
for aerospace application keeps emerging and has not
been sufficiently highlighted in the existing literature
about AM technology.

2. MATERIALS AND METHODOLOGY

The method essentially consists of assuming the piece-
wise continuous function for the solution by obtaining
arbitrary parameters in a manner that reduces the er-
ror in the solutions. Here, the maximum yield strength
in the component of the bearing housing was deter-
mined and the material was developed to a safe stress
limit within the varying value of 800 to 1200 MPa. The
maximum stress induced in the material should be less
than allowable stress (yield stress and tensile stress)
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in order to ensure a satisfactory performance in ser-
vice without failure. The geometry-based modelling
was employed for quick meshing of variants of the
whole model and numerous sub-models. The scripting
and other process automation techniques made the
modelling and evaluation the results easier and faster,
greatly simplifying the process of strength verifica-
tion. The process of strength verification will enable
the determination of the variations in the strength
of the components vis-a-vis the service requirements
under different operational and thermal loading con-
ditions. This will provide an insight into the material
behaviour and the point at which failure is imminent.
One of the merits of the modelling and simulation
tool is that such variations in the critical parameter of
the designed component can be estimated numerically
and compared with the mechanical properties of the
material, thus, making the verification process rela-
tively reliable. The considered component life cycle
design is for a proprietary bearing housing component
(M50-FC200) with the approach to achieving a longer
service life if AM is employed for manufacturing of the
part. The state of the art computational tool utilised
for the analysis of titanium alloy — Ti6Al4V mate-
rial response, is FEA. The simulation tool employed
for the part design is Abaqus© software 2017 suite,
the Abaqus/standard analysis tool in the complete
Abaqus environment and Solidworks®. A sequence
of design steps, tailored assessments of the material,
is made to suitably evaluate the manufacturability
requirements of the product. The part is developed
in CAD model and uses FEA to obtain the bearing
housing component (M50-FC200) design.

For an aerospace application aerospace, the LPBF
technique considered in this study is the SLM. The
primary benefit of SLM is its ability to produce com-
ponents of high resolution and quality, making its
application in the aerospace industry particularly use-
ful [THIO]. The use of SLM, being a technique of
LPBF, assures the production of fully dense parts
with high-quality and near-net shape. Therefore, it is
perfectly suitable to meet strict requirements of the
high-strength titanium alloys used in the aerospace;
as examined in this study. The choice of Ti6Al4V
stems from its high strength-to-weight ratio and ex-
cellent resistance to corrosion (in aqueous solutions,
oxidizing acids, chlorides, rocket propellants and al-
kalis). It also resists to creep, remains strong and
fracture-tough. This makes it a suitable candidate
material for aerospace applications [22H24].

The implementation of near-3 titanium alloys in a
commercial aircraft, namely, Ti—10-2-3, Ti-15-3-3-3,
and VT 22 (Ti-5A1-5V-5Mo—-1Cr—1Fe, Ti-6A1-4V),
which are all still used in the aerospace today, has
been reported. In particular, Ti—10-2-3 has proved
to be one of the most forgeable S-titanium alloys (low
flow stresses), and it also exhibits a high resistance
to edge cracking [25H27]. However, the strength-to-
weight ratio of Ti6Al4V, coupled with its forgeability
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and high resistance to edge cracking, are strong advan-
tages of the material vis-a-vis the aerospace require-
ments. These characteristics enable significant time-
reductions between reheats, reduce labour-intensive
conditioning operations, increase materials yield, im-
prove efficiency, and lower processing costs.

The simulation performance in this study is bench-
marked against characteristics of strain rates, which
occur over a wide range of Ti-alloys in commercial
aircraft applications [25H27].

The comprehensive FEA simulation performed for
the Ti6Al4V in this study provides a mechanistic basis
for reliable applications of additively manufactured
bearing-housing component. In the event of any pores
developing during the production, the pores can be
eliminated by using defects-free raw materials, opti-
mising the processing parameters, and implementing
a suitable post-processing treatment.

The chemical composition corresponding to ISO
5832-3 as well as the mechanical and electrical proper-
ties of the titanium alloy (Ti-6A1-4V) are presented
in Tables [I] and [2] respectively.

Element Al Fe O Ti V
025 0.2 90 4

Percent weight [wt %] 6

TABLE 1. Chemical composition of titanium alloy
(Ti-6A1-4V) [25].

S/N Properties Value
Mechanical
1. Yield strength 880 MPa
2. Ultimate tensile strength 950 MPa
3. Bulk modulus 150 GPa
4. Modulus of elasticity 113.8 GPa
5. Shear strength 550 MPa
Electrical

1. Specific heat capacity 553J/kg K
2. Thermal conductivity 71W/mK
3. Melting point 1878 K
n Coefficient of thermal 8.7 x 10-5 K1

expansion

TABLE 2. Thermo-mechanical and electrical properties
of titanium alloy (Ti-6Al-4V) [2§].

Theoretical and numerical FEA models were then
constructed and compared to the experimentally ac-
quired data to assess the validity of the models and
their efficacy in predicting the thermal behaviour of
the designed component. The design considerations
include the suitability for high speed and temperature
application as well as high strength to support the
load and absorb the induced stress [I7]. The bear-
ing was subjected to a working temperature ranging
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FIGURE 2. AM-enabled design method proposed by Yang and Zhao [29].

between 573.15-623.15 K. This is because the bear-
ings of the aircraft engine main shafts are exposed
to a temperature of approximately 473.15 K during
the operation. The turbine remains in the heat soak
retaining heat without any escape even after the en-
gine stops, thereby raising the bearing temperature
to over 573.15 K. Hence, the modelling and simula-
tion package of the Abaqus is employed to study the
stress and temperature distribution of the bearing in
order to determine its mechanical behaviour under
high temperatures. The modelling process starts with
the generation of 3D CAD models that accurately
mimic the components to be studied (Figure.

In assessing the suitability of a product idea for
production in AM, usually, a mapping of data be-
tween materials and process, geometrical structure
and behavioural properties, is carried out in order

to ensure a better manufacturing. Likewise, a CAD
model in Design for Manufacture (DfAM), which is
particularly used for the design plan, is introduced in
this section as the hypothetical case of the bearing
housing component. The parametric CAD model of
the mentioned bearing housing is developed and used
in determining the functionality based on the part in
the software package of Abaqus FEA. Firstly, the four
main parameters of flexural bearing housing geometry
were identified, these include the outer diameter, and
the thickness according to the dictates of the technical
drawing for the component. The CAD model is devel-
oped from a proprietary technical chart (M50-FC200)
of aircraft application using Solidworks® as shown in
Figure [I]

The Von Mises stress analysis was used as the failure
criterion during the finite element analysis carried
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out with the aid of the modelling and simulation tool
(Abaqus). The failure of the material occurs at a point
in a member when the distortion strain energy in a
bi-axial stress system reaches the limiting distortion
energy. At this point, the material starts yielding to
further application of load. The maximum distortion
energy for yielding is expressed as Equation :

2
(011)% + (0t2)® — 2011 X oty = (%) L)

where: oty is the maximum principal stress (N m?),
oty is the minimum principal stress (N/m?), oy; is
the stress at yield point (N/m?) and F.S. is the factor
of safety.

In order to investigate the suitability of production
based on Laser Melting of AM, a simulation was con-
ducted using the aggregated parameters in Tables
and 2] The version of the Abaqus for the modelling
and simulation was employed for the titanium alloy
and the bearing housing model. The objectives for the
simulation approach are to reduce and complement
exhaustive pre-study experiments and costs implica-
tion. Given the physical and analytical structural
dynamics modelling in this study, the mathematical
models are further expressed using governing equa-
tions. To denote the arbitrary reference point for the
mechanical-to-thermal field coupling in the SLM [I1],
the thermal transfer at material point r, determined
in Lagrangian domain, is denoted in Equation :

dH (r,t
pL ==V -q(rt),

0 2
% reqQ, (2)

where p is the material density (kg/m?3), H is the
enthalpy (J), ¢ is time (s), ¢ is the heat flux vector
(W/m?) and q is the volumetric heat input (J/K/m?).
Assuming a linear dependence of the heat flux on the
temperature gradient, i.e., Fourier’s law, the heat flux
vector can be determined from Equation :

q=—k(T)VT(r), 3)

where k is the thermal conductivity (W/m/°C), as-
sumed to be isotropic, T is the temperature (K). The
temporal rate of enthalpy can be written as Equa-

tion :

dH (r,t)
D _ )

dT((;t‘, t) 7 @)
where C), is the specific heat (J/gK). The volumetric
heat input ¢ in Equation is the heat energy input,
which plays a key role in the determination of the
amount of heat needed to cause melting of the starting
powders in the SLM process modelling. The meshing
of the bearing housing at different orientations in order
to predict the material’s behaviour are described in
the Results and discussion section.
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2.1. MANUFACTURABILITY ANALYSIS AND AM
DESIGN RULES

AM design rule collections ensuring manufacturability
and approaches related to AM design potentials for de-
velopment of innovative solutions must be taken into
account. While AM provides huge design potentials,
geometric freedom is not unlimited. In the literature,
design rule catalogues can be found particularly for
SLM. The geometric limits imposed by SLM are based
on series of experiments and design for manufacturing.
Munguia et al. [30] use an advice system based on
artificial intelligence to compare additive and conven-
tional manufacturing in order to recommend optimal
production parameters. The second category aims at
choosing an optimal production strategy depending
on product requirements and process limitations.
Depending on manufacturability indexes calculated
by design parameters, a CAD model is divided into
a modular structure whose parts are manufactured
separately and which are then assembled. Due to the
novelty of AM for designers and producers, the selec-
tion of appropriate candidates remains a challenge.
Figure [2| presents the AM-enabled design method pro-
posed by Yang and Zhao [29]. The design method
presents the basic process constraints, which encom-
pass the manufacturing, assembly and standardisation
constraints as pre-conditions for the process design.
These constraints are integrated into the design pro-
cess loop as presented in the Figure[2] The framework
identifies the performance and functional requirements
as two critical requirements that should be addressed
by the process design. The functional integration can
be achieved via the structural optimisation and the
process is looped until the required design solution
is obtained. The computer-aided modelling and sim-
ulation approach is often suitable for a performance
evaluation of the designed solution (solution check)
before proceeding to the final stage of manufacturing.
This is because the approach is iterative and often
allows the structural optimisation and adjustment of
the design parameters and constraints until the fi-
nal solution converges and the desired requirements
are met. In addition, the modelling and simulation
of the designed solution at this stage will promote
the overall cost and time effectiveness of the overall
process, thereby bringing about the development of
components with high integrity without the need for
expensive reworks. The designed solution output can
also be compared with the ideal solution in order to
estimate the design error and its level of permissibility.
Concurrent engineering has been a useful methodol-
ogy that takes into account the attributes of each dif-
ferent stages of product’s life cycle simultaneously. It
is used to integrate all activities of functional analysis
and requirement engineering, design, and manufactur-
ing in parallel during the design stage as an integrated
design. Several authors have reported on the difficul-
ties in getting a Laser Powder Bed Fusion part of SLM
when the dimensions are large (280 mm by 280 mm).
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Model name:Paits
Study name:Static 2(-Defauk-)
Mesh type: Solid Mesh

A

F1Gure 3. Component solid mesh.

This is because cracks usually occur due to internal
stresses and this accounts for the reason why a lot of
post-processing is needed to avoid cracking, like stress
relieving and hot isostatic pressing [31].

The mathematical formulation of variables for the
bearing housing orientation angles and layer thickness
is expressed in Equation :

r = {eajaeyaez;Lt}a (5)

where: 0,,0,,0, signifies the part orientation with
respect to angles between the part in z, y, and z
axes. The angles show the orientation of the part in
the build area while L, is the layer thickness required
during fabrication, the layer thickness value is between
L; min and L; max.

2.2. THE FINITE ELEMENT ANALYSIS

Finite Element Analysis (FEA) is a method based on
homogenised pictures, employed to better understand
the underlying consolidation part of product develop-
ment. The method consists of assuming the piecewise
continuous function for the solution and deploying the
parameters of the functions in a manner that reduces
errors in the solution. The simulation of the Ti-6Al-
4V alloy bearing housing as mentioned was, therefore,
carried out. The maximum stresses were assigned to
an allowable stress of component material to obtain
maximum stress design for the bearing housing.

The FEA and simulation serves to provide a pre-
cursory visualisation of the response of the developed
component during its eventual commissioning for in-
service operations. The simulation was carried out
using operating parameters representing extreme ser-
vice conditions in order to obtain some knowledge on
the limits of its mechanical integrity.

The implicit module of the Abaqus software was
employed for the non-linear analysis of the component
part. This is because the implicit dynamic simula-
tions can be applied to component analyses, which

are non-linear in nature. The explicit module has a
suitable integrator for the formulation and analysis
of a non-linear behaviour. It is an iterative process
and the time increment is adjusted until the solution
converges. Following the meshing of the assembly into
finite elements, it was subjected to convergence sim-
ulation runs with mesh refinement feature employed
for the ease of convergence. An average mesh size
of 0.8 mm, which falls within the seed size stability
convergence zone, was employed for cost and time
efficiency. One of the assumptions is that the loading
is static and that the material is subjected to the same
different loading and service requirements in all its
parts. A structured 8-node hexahedral mesh element
type with a linear displacement and temperature ad-
vancing front using Abaqus was employed. This was
selected to mesh the assembly into finite elements,
and thereafter subjected to convergence simulation
runs with the mesh refinement feature employed for
the ease of convergence.

2.3. MESH GENERATION AND GEOMETRIC
MODEL

The mesh generation and geometric model was per-
formed using Solidworks tool to maintain computa-
tional accuracy and convergence check balance. The
mesh elements parameters were carried out at the
joints. The convergence check gave an indication of
suitability of 2mm as the optimum mesh geometric
model. A four-node thermally-coupled tetrahedron
linear displacement standard solid mesh is employed
in discretising the model into finite elements. A mesh
size of 2 mm is used for the analysis from node to node
over the entire geometry of the model in Figure
For the convergence range, an average mesh size
of 2mm, which falls within the seed size stability
convergence zone, was employed, in order to strike
the right balance among the computational efficiency
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FIGURE 4. Mesh size and computational time.

A

FIGURE 5. Model of the bearing housing.

and accuracy in contrast with other mesh sizes within
the convergence band.

The mesh, element sizes and the convergence in
the results between mesh sizes 1.8 mm and 2.4 mm
indicates that any mesh size within this convergence
range provides the best confidence in accuracy of
the simulation result. Thus, a 2 mm mesh size was
selected owing to the fact that it provided the least
amount of computation time, which is very important,
as time is a key factor in computer aided design and
manufacturing.

The mesh size plays a vital role in the accuracy of re-
sults and computing time as it determines the number
of elements involved. On this note, the computational
time against the mesh size is presented using a mesh
interval of 0.2mm as presented in Figure [ It was
observed that the computational time decreases with
an increase in the mesh size up to 2.2 mm. Further
increase in the mesh size up to 2.4mm resulted in
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a slight increase in the computational time. Hence,
the mesh size of 2.2mm, which produced the least
computational time (142s), was selected. Figure
presents the model of the bearing housing.

The component is further analysed in Solidworks
and assigned temperature-dependent material proper-
ties for elasticity, plasticity, and thermal response,
with Ti-6Al-4V alloy selected from the material
database. The guidelines for the bearings for jet en-
gines were considered for the identification of the
product’s properties in relation to the service require-
ments [32]. The emphasis on the Ti-6A1-4V alloy is
due to its main features, which are light weight, high
strength (yield strength of approximately 1000 MPa),
high temperature characteristics (maximum melting
point for grade 5 is at 1933 K), thermal processability,
fracture toughness, workability, and superior forma-
bility [33H36]. This alloy is currently the most pre-
ferred for aircraft manufacturing owing to its theo-
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(B)-

(A) . Pressure forces on the component.

(B) . Combined pressure and centrifugal forces.

FIGURE 7. Visual mechanism acting on the bearing housing in Abaqus (H) and EI)

retical chemical composition properties, good high-
temperature properties and high strength-to-weight
ratio [37) [38]. In addition, the availability of quantifi-
able data further increases its application for where
the yield strength of annealed material is 825 MPa or
higher, tensile strength is 895 MPa or higher, and elon-
gation is 10 % or higher at a room temperature [39].

The implicit module has a suitable integrator for
the formulation and analysis of a non-linear behaviour
as it is an iterative process with time increment adjust-
ments until the solution finally converges. Following
the meshing of the assembly into finite elements, it was
subjected to convergence simulation runs with mesh
refinement feature employed for the ease of conver-
gence. Figure [6] present the component’s mesh-based
geometry as displayed in FEA-Abaqus.

2.4. PRESSURE AND CENTRIFUGAL LOADING
CONDITIONS

In the operation of a typical aircraft-jet turbine engine,
air is usually sucked in large volumes and compressed
in the magnitudes of tons of air per second with the
aid of fan and compressor in a coupled mechanism.
The loads and fixtures used in the model, mdelled in
Solidworks, are presented in Table [3] While Figure [7]
further illustrate the pressure and centrifugal forces
acting on the component, modelled in Abaqus.

This understanding and philosophy of load often
accounts for the centrifugal (green arrows) and pres-
sure forces (purple arrows) acting on the components
and the visual mechanism for the bearing housing is
displayed in Figure [7}
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Load name Load image

Load details

Entities: 4 face(s)
Type: Normal to selected face
Value: 101 325

P

resse Units: N/m?

Phase angle: 0
Units: Deg
Centrifugal, Ref: Face<1>

Centrifugal Angular velocity: 1800 rad/s
Angular acceleration: Orad/s?

I

TABLE 3. Loads for pressure and centrifugal condition in Solidworks.

2.5. THERMAL BOUNDARY CONDITIONS

Aside from the philosophy of drawing air into the
engine, the compressor also pressurizes the air, at ra-
tios up to 40:1. This pressurised air is then delivered
into the combustion chamber where it is ignited after
the addition of fuel [40]. Hence, typical temperatures
during this process may rise as high as 2273 K, thus
accounting for the thermal stresses on components
within and around the engine is critical. Typical am-
bient temperatures within the compressor ranges be-
tween 473K and 1000 K [4I] for the low-temperature
creep behaviour of titanium. The thermal interac-
tion for the bearing housing was further examined in
Abaqus (Figure .

Thermal interactions were assigned to the model
with the upper and lower bounds of 1973 K and 273 K,
respectively, assigned as thermal boundary conditions
in relation to the temperature bounds that can be
experienced within the environment of the component
during operation. Where the continuous flow of air or
gases to which it is exposed may range from 1120K to
1973 K. The higher temperature of 1973 K was used
in the thermal analysis of the effects of convected
temperature on the material as a worst-case operation
scenario.

In the static general analysis, encastre boundary
conditions in which all translational and rotatory mo-
tions are set at zero were assigned at the cap of the

housing where it is often bolted to other components
(as in Figure [§). Pressure loads of 101.325kPa, the
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FIGURE 8. Thermal interactions for the bearing hous-
ing component.

atmospheric pressure of air at sea level, and arbitrary
centrifugal load of 1800 rad/s were applied.

3. RESULTS AND DISCUSSION

The results obtained for the Abaqus-FEA simulation
are presented in Figures The temperature distri-
bution profile presented in Figure[9|shows the variation
in temperature across the geometry of the component.
The highest temperature achieved under the earlier
stated thermal conditions is above 1900 K and was
recorded at the periphery of the cap. A larger part of
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(A) . Temperature distribution across the whole component
geometry.
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(B) . Temperature distribution — bilateral view of the
component.

FIGURE 9. Temperature distribution on the bearing housing.
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(A) . Superimposed stress distribution of thermal and
pressure loading on the component.
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(B) . Superimposed stress distribution of thermal and
pressure loading on the bilateral component.

FIGURE 10. Superimposed distribution of thermal and pressure loading.

the component does not heat up beyond 1900 K, which
gives a strong indication of its ability to withstand
such extreme conditions without melting, given the
melting temperature of the material is about 1933 K.
Figure [0] shows the temperature distribution during a
steady-state operation.

The response of the component to external forces
and loading conditions is further presented. The ef-
fects of the mechanical loading regimes have been
compared to investigate the material’s responses to
the applied forces. Both the Von Mises stress profile

within the part and the magnitude do not pose any
threats to the life or performance of the material under
the reference operating conditions. Figure [I0] shows
the stresses developed due to air flow pressures and
heat transfer, which are within a kilopascal range with
the maximum Von Mises stresses being about 521 kPa.
It is evident that the stresses developed do not result
in a distortion or deformation of a material with yield
strength in the region of 820 MPa. Figure [I0]is the
superimposed deformed or undeformed stress distri-
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(A) . Superimposed stress distribution of thermal, pressure
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(B) . Superimposed stress distribution of thermal, pressure
and centrifugal loading on the bilateral component.

FIGURE 11. Superimposed deformed/undeformed stress distribution.
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(A) . Superimposed displacement due to thermal, pressure,
and centrifugal loading on the component.
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and centrifugal loading on component bilateral.

FIGURE 12. Superimposed deformed/undeformed displacement due to coupled thermal, pressure and centrifugal

loading.

bution due to coupled thermal and pressure loading
only.

Remarkably, the contribution of centrifugal forces
was found to be of significant magnitude as presented
in Figure [T1] as evidenced by its ability to raise the
Von Mises stress three (3) orders higher than when
they are suppressed. In addition, Von Mises stresses
up to about 300 MPa are obtainable, which indicates
that components experience some deformation. This
is largely due to the torsional moments associated with
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the centrifugal forces applied on the part. The super-
imposed deformed or undeformed stress distribution
due to the coupled thermal, pressure and centrifugal
loading in presented in Figure [I1]

The displacements due to the deformation are pre-
sented in Figure[T2] where the maximum displacement
of 0.0457 mm is recorded at the free end of the part.
This implies that the displacement due to the defor-
mation is minimal.
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ponent edge.

FIGURE 13. Maximum principal plastic and elastic strains due to coupled thermal, pressure and centrifugal loading.

Results, as shown in Figure indicate the dif-
ferent aggregation of loads that may cause a slight
displacement with magnitudes of the deformation at-
tributable to the centrifugal loading regime imposed
on the component while in service. Inferably, higher
magnitudes of imposed loads than the ones considered
could hypothetically amount to pushing the compo-
nent’s integrity beyond safe limits. Just like in every
engineering material, loads that will push stress levels
of the component beyond its yield strength of 850 MPa
are bound to cause material failure.

Figure displays the nature of strain profiles
recorded from the loading of the component. Fig-
ure reveals predominantly the elastic straining of
the material with zero plastic strains while Figure
shows the magnitude of the elastic strains experienced
at the edge of the component.

The results obtained show that the assigned
Ti6Al4V material will be suitable for usage in the
prescribed conditions for which these analyses were
carried out. Furthermore, the material was found to
have a great capacity to withstand the nature of forces
and loads applied without failing since the resultant
internal stresses, strains temperatures and displace-
ments due to deformation fall within allowable ranges

4. CONCLUSION

This work considered the modelling and simulation
of titanium alloy (Ti6Al4V) bearing housing of an
aircraft manufactured additively. The excellent me-
chanical properties, such as high strength-to-weight
ratio and good wear resistance, of the titanium alloy
were explored. The design and the FEA were car-
ried out using the Abaqus modelling and simulation
tool. The design considerations include the suitability

for high speed and temperature application as well
as high strength to support the load and absorb the
induced stresses. The results obtained indicated that
the designed bearing is suitable for high speed and
temperature applications beyond 1900 K, which gives
a strong indication of its ability to withstand such
extreme conditions without melting, given the melting
temperature of the material is about 1933 K. Using
the Von Mises stress criterion, the maximum stress
induced in the component during loading was 521 kPa.
It is evident that the stresses developed do not result
in a distortion or deformation of the material with
yield strength being in the region of 820 MPa. This
shows a good dimensional stability without any signif-
icant deformation or failure, which makes it suitable
for aerospace applications. The value of the maximum
stress induced at the inner ring of the bearing was sig-
nificantly lower than the yield strength of the titanium
alloy employed, thus indicating that the bearing is
not likely to yield to failure under the required service
conditions. This work provides design data for the de-
velopment of bearing components using SLM because
the values are in agreement to those published for
laser-assisted machining and powder-based additive
manufacturing for aerospace applications. This helps
to detect the critical operating conditions early at
the design stage before the fabrication of the bearing
housing, in order to minimize any possible expensive
reworks of the rig. This work did not consider the
creep performance and dwell fatigue of the material
(Ti6Al4V) at an elevated temperature, thus future
works can consider the investigation of the potential
for creep failure and dwell fatigue at high tempera-
tures close to 1900 K.
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