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ARTICLE INFO ABSTRACT

Keywords: In the aerospace industry, the structures are subjected to significant loads and extreme conditions whilst being
Fan blades required to be lightweight and resilient. Metallic foams seem to meet these criteria. However, their usage
MEtallhc foam in the aerospace applications are not as common as one would expect. To explore a potential application
Ti-6Al-4V

of foams, this study evaluates the performance of the foams of Ti-6Al-4V, a conventional material/alloy for
aircraft engine fan blade applications performing numerical simulations. First, the mechanical properties of
the Ti-6Al-4V alloy are calculated using the Mori-Tanaka mean-field homogenisation and finite element (FE)
methods employing representative volume elements (RVE). Using those calculated material properties and the
computer-aided design (CAD) model of a representative aircraft engine fan blade, the FE models are built. In
these numerical models, the material properties and the rotational speed with the static aero-loads are selected
as variables, whilst boundary conditions remain consistent to ensure a systematic investigation. Stress analysis
and the prestressed modal analyses of the blades are performed, and the results are presented to discuss the
impact of the void volume fraction of the alloy foams. This study reveals the complex nature of the mechanics

Mori-Tanaka homogenisation
Finite element method

of fan blades when made of foams.

1. Introduction

Being able to fly is among the most significant achievements of
engineering. However. this has not been easy. It is an extremely com-
plicated task to design an efficient aircraft, especially their engines,
which hinge on the precise balance of countless components, each
subjected to certain and different requirements of performance, safety,
and durability [1,2]. Among these components, aircraft engine fan
blade is a crucial component used in the modern aviation industry.
They are required to endure remarkable mechanical and thermal loads,
all while operating at extreme velocities [3,4]. The rotational body
forces are particularly challenging loads for the design process since
they primarily root from the system’s own mass and dimensions, and
therefore, the impact of high-speed rotation is known to be quite signif-
icant on the mechanics of the rotating systems [5,6]. Their efficiency
and reliability can significantly influence the overall operation and
economic operation of an aircraft, thereby making them a focal point
in improving the aircraft design and performance [7].

Engineers and researchers have spent significant efforts to opti-
mise the design of these blades, aiming to improve their aerodynamic
efficiency, minimise their weight, reduce the vibration amplitudes,
and enhance their durability [8,9]. The principles of aerodynamics
predominantly determine the geometry of these blades. The laws of
fluid dynamics tend to limit their shape, size, and positioning within
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the engine. In time, the studies in aerodynamics have led to highly
optimised blade designs, leaving little room for further improvement
without disrupting the core mechanisms of flight and propulsion. This
situation has resulted in the exterior geometry design of fan blades
reaching a point of saturation, with diminishing returns on any sub-
stantial innovations in their shape or configuration. However, the
structural behaviour is also a crucial part of the design process that
impacts the efficiency of the blade’s interactions with the surrounding
air [3,10-13].

Consequently, the challenge of designing fan blades with improved
performance has shifted towards material science. The selection of
material used in manufacturing fan blades is as critical as their geomet-
rical design. Indeed, material properties like strength, stiffness, weight,
and thermal stability directly influence the performance, efficiency,
and durability of the blades. Conventionally, titanium and aluminium
alloys are used for fan blades due to their specific stiffnesses and
specific strengths [4]. However, as mentioned earlier, the usage of
these conventional materials led to a saturation of the design of fan
blades. Thus, advanced materials are employed to create alternatives.
Composite materials are among these advanced materials. The use of
composites has become quite common in the aviation industry. GE uses
composite fan blades in GE90 and GE9x, and so does Rolls-Royce in
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UltraFan. However, their manufacturing and modelling processes are
considerably more complicated [14,15]. Hence, the design of the fan
blade also becomes a heavier task [16,17].

Foams are also included within advanced materials as they can
achieve lightweight without compromising on the stiffness and strength
[18,19]. Nevertheless, like composites, their modelling and manufac-
turing is a more complicated process compared to the traditional
materials [18]. Whilst the manufacturing methods are not similar to the
manufacturing techniques for composites, the modelling approaches
are the same. It is possible to employ finite element (FE) analysis as well
as mean-field homogenisation techniques like Mori-Tanaka to model
foams and composites [4,20-22].

Even though composites have been used in fan blades, there is no
industrial application of metallic or polymeric foams in fan blades [23—
25]. Also, the number of studies focusing on the possible implementa-
tion of foams on fan blades is limited [26,27]. However, the usage of
Ti-6Al1-4V alloy foams for fan blades can be considered since Ti-6Al-4V
alloy foam is a material that brings together the proven performance
of titanium alloys with the structural benefits of foam materials. With
their combination of strength, stiffness, and lightweight, these foams
can provide the next step for fan blade design and manufacturing.

This study aims to fill the gap in the performance evaluation of fan
blades made of Ti-6Al-4V alloy foams. Therefore, a detailed numerical
investigation of aircraft engine fan blades made of Ti-6Al-4V alloy
foams is presented in this research. The numerical analysis includes
a FE method, and static stress and prestressed modal analyses are
performed using this FE model, considering various volume fractions
of the foam as well as various stages of loading. By employing the
Mori-Tanaka mean-field homogenisation and FE method performing on
representative volume elements (RVE) that have randomly positioned
and sized spherical voids, the mechanical properties of the foam of
Ti-6Al-4V alloy are computed. Using these material properties, a rep-
resentative model of an aircraft engine fan blade is constructed for FE
analysis. The results, in terms of the effects of different volume fractions
of alloy foam and various levels of loading, are discussed. It is shown
that materials can play an important part in the design and performance
of aircraft engine fan blades. Considering the most common blade
designs incorporate either full or hollow cross-sections, it can be stated
that this study contributes to the literature by discussing the new idea
of a rotor/fan blade that is made of foam, which is an alternative and
very efficient way to achieve lightweight materials/structures. Thus,
using foams can help achieve a new optimised equilibrium of engine
components using advanced materials like foams and composites.

2. Modelling: Materials and materials’ internal structures

This study relies on numerical modelling to explore the performance
of Ti-6Al-4V alloy, with an elastic modulus of 110 GPa, Poisson’s ratio
0f 0.31, and a density of 4600 kg/m>, and its foams with various volume
fractions up to 0.5 as aircraft engine fan blade material.

The material Ti-6Al-4V is known to be isotropic. as well as the
foam materials that have predominantly randomly sized and positioned
spherical voids. Therefore, the resultant properties of the foams are
expected to be quasi-isotropic since the effects of the voids should be
similar in all directions [28-30]. However, in this study, instead of
assuming isotropy, material modelling is performed taking anisotropy
into account for the resultant foam. Therefore, the stiffness tensor for
an anisotropic material has to be employed.

The stiffness tensor for anisotropic materials can be represented in
terms of engineering constants in matrix form as:

Ep(1=vy3vsp) Eyviy Eyvis 0 0 0
Exvyy Ep(1 =v3yvi3) Es3vys 0 0 0

C Es3vy Es3vsy Ey(1=vipvy) 0 0 0
0 0 0 G, O 0

0 0 0 0 Gy O

0 0 0 0 0 Gy

(€Y
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In the stiffness tensor C, E;;, Ey,, E;; represent the Young’s mod-
uli along the principal material directions 1,2,3, respectively. The
Poisson’s ratios, denoted by vi,,v,, V3, V3, Vi3, V3;, establish the re-
lationship between strains in different directions, signifying how a
material contracts or expands perpendicularly to the applied stress.
Lastly, G,,G,3,G3; are the shear moduli in their respective planes,
indicating the material’s resistance to shearing deformations.

First, the mechanical properties of the Ti-6Al-4V alloy foams are
computed for various volume fractions (Vf) of the voids the foams con-
tain. Material modelling is performed using two different techniques,
namely Mori-Tanaka mean-field homogenisation and FE methods that
use RVEs. Fig. 1 displays the internal structure of the Ti-6Al-4V alloy
foams via the generated RVEs’ computer models, which are later used
for the FE evaluation of the RVEs.

2.1. Mori-Tanaka homogenisation method

As the first step of the material modelling, the Mori-Tanaka ho-
mogenisation method is employed to compute the elastic properties
of the foam of the alloy Ti-6Al-4V. The Mori-Tanaka homogenisation
method is known to work quite well up to volume fractions V, of ap-
proximately 0.4, and therefore the value 0.5 is judged to be acceptably
accurate and, more importantly, consistent for the overall framework
of this study [31,32].

2.1.1. Mathematical background

The Mori-Tanaka method assumes a two-phase (can be extended
to n-phases) composite. These phases are a matrix with properties
denoted by subscript m, and inclusions with properties indicated with
subscript i. The essential/fundamental step of the Mori-Tanaka mean-
field homogenisation method is the calculation of the Eshelby tensor
S, which describes the elastic fields of an ellipsoidal inclusion in an
infinite homogeneous isotropic elastic continuum.

The stress and strain in the matrix, ¢,, and ¢,,, can be related using
the stiffness tensor of the matrix C,, as follows:

6,=C, 1 g, (2)
Similarly, the same can be done for the inclusion, the relation is:
/_ 3)

The total strain in the composite ¢ can be expressed as the vol-
ume average of the strains in the matrix and the inclusion, which is
represented as:

0, =C,; :

i€

e=(1-Vpe, +Vse; @

Here, V denotes the volume fraction of the inclusions. Furthermore,
the strain in the inclusion ¢; can be related to the strain in the matrix ¢,,
and the stresses in the matrix and the inclusion by the Eshelby tensor
S as:

€=yt S (0,0 ®)

This relation makes it possible to represent the actual inclusion
by an equivalent/idealised inclusion that generates the same average
strain in the composite. The differential form/scheme of the Mori—
Tanaka method can then be written as:

de = (1= V,)de, +Vyde; =S : do 6)

Here, S indicates the secant modulus of the composite and is in-
versely related to the overall stiffness tensor C of the composite as
shown below:

s=c! @

The secant modulus S can be solved iteratively from the differential
form/scheme, so the computation of the overall stiffness C of the
composite is achieved.
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(a) Vy =0.1.
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(b) V; = 0.3.

Fig. 1. Representative structures of Ti-6Al-4V foams.

(a) Uniaxial tension.

(b) Shear strain.

Fig. 2. A representative volume element under prescribed strain.

2.1.2. Physical background

The Mori-Tanaka method, as described above, is built on several
physical assumptions. These mostly include the concepts of homogene-
ity, isotropy, and the principle of strain equivalence for the inclusion
phase.

One of the basic assumptions is the matrix-inclusion representation.
The composite material is seen as a combination of non-interacting
inclusions dispersed in a continuous matrix. This assumption is one
of the main reasons for the Mori-Tanaka method being more accurate
in lover volume fractions of inclusions. The stress interaction between
the inclusions becomes more significant as the distances between the
inclusions are reduced. Obviously, higher volume fractions of inclusions
lead to tighter packing of inclusions, and so the interparticular distances
decrease, and the interactions of stress become more influential.

The matrix-inclusion representation assumes that the matrix ma-
terial is effectively infinite, homogeneous, and isotropic, whilst the
inclusions are treated as inserted ellipsoids. This simplifies the math-
ematical expressions as well as operations and permits an analytical
solution. For the case of metallic foams in this study, the inclusions are
considered as spherical voids with zero mass and stiffness.

The Eshelby tensor, which creates the basis of the Mori-Tanaka
method, has a clear physical meaning. It represents the elastic fields of
an ellipsoidal inclusion in an infinite, homogeneous, isotropic, elastic
medium subjected to uniform remote stresses and strains.

The concept of equivalent inclusion is another important assump-
tion of the Mori-Tanaka approach. The actual inclusion, which may
be of complex shape and possess anisotropic and inhomogeneous prop-
erties, is represented with an equivalent ellipsoidal inclusion. The
equivalent inclusion possesses the same average strain as the actual
inclusion but is subjected to the same stress as the matrix. This sim-
plification relieves the mathematical complexities significantly and is
the reason behind the tractability of the Mori-Tanaka method.

The Mori-Tanaka method then employs a differential scheme,
where the stresses and strains in the composite material are considered
as the volume average of the stresses and strains in the matrix and
inclusion. This scheme is designed to take into account the effects
of both matrix and inclusions while maintaining the simplicity of a
two-phase model.

The overall stiffness of the composite, the final output of the Mori—
Tanaka method, can then be physically interpreted as the response of
the composite material to applied stresses. The stiffer the composite,
the less it deforms when subjected to a given stress.

It is important to remember that these simplifications and assump-
tions in the Mori-Tanaka method make it particularly suitable under
certain conditions. For instance, as mentioned earlier, it performs better
if the volume fraction of the inclusions is relatively low and the me-
chanical interactions of inclusions are not significant. Thus, the physical
assumptions of the Mori-Tanaka method provide a practical framework
for predicting the effective properties of composite materials.
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Fig. 3. Computer model of the representative fan blade structure.

2.2. Finite element approach

To start building the FE models, the geometries for the cubic RVEs
containing stochastically distributed and sized spherical voids, are gen-
erated [15,33-36]. The void diameters are assumed to vary between
1 pm and 60 pm and the RVE parameter (edge length) is selected to
be at least quintuple the greatest void diameter which makes the RVE
actually representative of the foam [37-41]. After the generation of each
RVE geometry, it is also checked and ensured that the void’s volume
fraction is acceptably near (+1%) the targeted volume fraction.

The FE models for the foam materials are constructed using the
generated geometries of the RVEs. The geometries are meshed using

1

P

o
3

o
o

o o
~ o
Nondimensional Pressure

(a) Pressure side.
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a quadratic tetrahedral mesh, preparing them for simulation. This is
followed by the introduction of periodic boundary conditions (PBC) and
the imposition of loads in terms of uniaxial tensile and shear strain with
a magnitude of 0.003. By doing so, both the micro-scale stresses and the
effective mechanical properties are calculated. The prescribed strains
are applied in each principal direction on the corresponding surfaces
until all the engineering constants for an anisotropic material are cal-
culated. The outcome of these calculations allows for a comprehensive
understanding of the material’s behaviour. To ensure the validity of
these findings, simulations are performed for each set of material
properties five times to confirm the robustness and repeatability of the
results. Fig. 2 presents views of two sample RVEs generated for this
research.

3. Modelling: Fan blade structure

To simulate the mechanical behaviour of the fan blade made of
Ti-6Al-4V alloy foams, the computer-aided design (CAD) model of a
representative fan blade is selected [4]. Geometrically and mechani-
cally, this blade model is found to be accurate enough to represent an
actual fan blade of a commercial civil aircraft engine that is made of
Ti-6Al-4V alloy.

As shown in Fig. 3, the model integrates the blade and the disc as a
single part. This removes the complexities of the contact nonlinearities
from the system.

Following the preparation of the CAD model, the mesh generation
is carried out on the three-dimensional geometry. Given the complex
geometry of the blade structure, quadratic tetrahedral elements are
used to accurately represent the structure. Thus approximately 50 000
elements and 80 000 nodes are generated.

The material properties, which are determined through the Mori-
Tanaka mean-field homogenisation approach, are inserted into the
model depending on the volume fraction of the voids in the foam
being investigated. Even though the FE approach is the more robust
one among the two material modelling methods employed, the results
of Mori-Tanaka mean-field homogenisation is selected for the perfor-
mance evaluation of the fan blade made of foam. The reasons behind
this choice are, first, the Mori-Tanaka and FE approaches are expected

0.18
0.9+
0.16
0.14

0.12

©
=
Nondimensional Pressure

(b) Suction side.

Fig. 4. Nondimensional pressure distribution for the pressure side (a) and suction side (b).
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S, Mises
(Avg: 75%)
+2.170e+08
- +1.994e+08
+1.817e+08
+1.640e+08
+1.463e+08
+1.286e+08

+7.556e+07
+5.787e+07
+4.019e+07
+2.250e+07
+4.817e+06

(a) Vf =0.1.

Fig. 5. von Mises stress fields for different volume fractions computed with FE analysis (Stress in Pa).

Table 1

S, Mises
(Avg: 75%)
+1.956e+08
+1.795e+08
- +1.634e+08

+1.151e+08
+9.895e+07
+8.284e+07
+6.674e+07
+5.063e+07
+3.453e+07
+1.842e+07
+2.318e+07
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(b) Vf =0.3.

Engineering constants for different volume fractions calculated with Mori-Tanaka homogenisation (Units in Pa).

Engineering Volume fractions V,

constants 0 0.1 0.2 0.3 0.4 0.5

E, 1.10x 10" 9.00 x 10'° 7.33x10'° 5.92x10'° 4.71%x10'° 3.66 x 10'°
Ey, 1.10x 10" 9.00 x 10'° 7.33x 10'° 5.92 x 100 4.71 x 100 3.66 x 1010
Eyy 1.10 x 10" 9.00 x 1010 7.33 x 1010 5.92 x 100 4.71 x 100 3.66 x 1010
G, 4.20% 10" 3.47x 100 2.85% 10'° 2.31x10'° 1.85x 10'° 1.45x 100
Gy, 4.20x 10'° 3.47x 100 2.85x 100 2.31x 100 1.85x 10'° 1.45 x 10'°
G; 4.20x 10'° 3.47x 100 2.85x 10'° 2.31x 100 1.85x 10'° 1.45 x 10'°
Via 0.31 0.30 0.29 0.28 0.27 0.26

Vo 0.31 0.30 0.29 0.28 0.27 0.26

Vi3 0.31 0.30 0.29 0.28 0.27 0.26

Va1 0.31 0.30 0.29 0.28 0.27 0.26

Va3 0.31 0.30 0.29 0.28 0.27 0.26

Vi, 0.31 0.30 0.29 0.28 0.27 0.26

to be in good agreement and, second and more importantly, considering
the computational cost of the FE analysis for material modelling, this
research aims to propose an efficient road-map for the development of
fan blades made of foams.

The blade is fixed at the bottom surface of the disc, and cyclic
symmetry is applied to the lateral surfaces of the disc. Finally, the loads
are imposed to represent the operating conditions in steady-state, with
the rotational speed set at 1000 rpm and a static aero-load acting on
both surfaces of the blade. Thus, the representation of the operating
conditions is achieved with some decent accuracy.

The pressure distribution on the fan blade is obtained by a com-
prehensive series of computational fluid dynamics simulations The
resultant pressure data is visualised in Fig. 4 for both sides of the blade,
namely the pressure side and the suction side. All pressure values are
presented in a nondimensional form, normalised by dividing the entire
dataset by the maximum pressure value in the pressure data. In Fig. 4
the pressure distributions on the pressure side and the suction side of
the blade at the rotational speed of 1000 rpm (104 rad/s) are visualised.
Here, z and r indicate spatial coordinates.

For further details about the model, the reader is encouraged to refer
to the study by Tiifekci et al. [4].

Upon preparing the model, it is solved using Abaqus, a commer-
cial FE software package, for the numerical analysis. Through static
analysis, the stresses within the blade are calculated, as well as the dis-
placements due to the deformation of the blade under the steady-state
pressure loads.

For modal analysis, the prestressed model is put through to analysis
to compute the natural frequencies and mode shapes of the blade.

The numerical investigation focuses on the impact of the loads
depending on the rotational speed as well as the volume fraction of the
foam on the stresses, displacements and natural frequencies, which can

be used to gain an understanding of the stiffness, strength and inertial
properties of the fan blade.

4. Results and discussion
4.1. Theoretical evaluation of the Ti-6Al-4V alloy foams

The first thing is to check if the foams are effectively isotropic
or anisotropic by investigating the engineering constants in different
directions. The engineering constants calculated by using the Mori-
Tanaka mean-field homogenisation and the FE approaches given in
Tables 1 and 2 are in very good agreement with each other and they
strengthen the idea that the material’s mechanical properties are quasi-
isotropic alongside the reported cases in the literature [19,21,42-44].
The engineering constants indicate isotropy by E;; & E,, & Ej;,
G ® Gy 2 Gz and vy & vy & vy3 & V33, & Vi3 & vy for the same
volume fraction values of voids. This holds for every single value of
void volume fraction. This results validate both methods against each
other and legitimises the evaluation of material properties under the
assumption of effective quasi-isotropic behaviour.

Fig. 5 visualises some representative stress analysis results acquired
through FE calculations from two selected RVEs with V, = 0.1 and V', =
0.3. Here, the von Mises stress distribution is displayed considering the
stress state is complicated and investigating a certain stress component
might be misleading.

It can be clearly seen that there are stress concentrations around the
voids’ equators due to the existences of shear bands and stress triaxial-
ities, which align with the previously reported and discussed results in
the literature [45]. Moreover, the levels of stress drop with increasing
void volume fractions. This is because of the definition of the loading
of the RVE systems. The RVE is subjected to a constant uniaxial strain
rather than forces and moments. Thus, the more compliant material
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Table 2

Engineering constants for different volume fractions calculated with FE analysis (Units in Pa).
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Engineering Volume fractions V,

constants 0 0.1 0.2 0.3 0.4 0.5

E;, 1.10 x 10'° 8.95x 1010 7.26 x 10'° 5.70 x 10'° 4.46 x 10'° 3.68 x 1010
Ey 1.10x 1010 8.93 x 10'° 7.23 x 1010 5.69 x 10'° 4.51x10'° 3.70 x 1010
Ey 1.10x 10" 8.92 x 1010 7.25% 100 5.71x10'° 4.45x10'° 3.70 x 10'°
G, 4.20x 10'° 3.44 x 1010 2.79 x 10'° 2.22 % 100 1.77 x 10'° 1.50 x 10'°
Gy 4.20x 10'° 3.45x 1010 2.80 x 10'° 221 x 100 1.74 x 100 1.47 x 10'°
Gy 4.20% 10" 3.45x 100 2.80x 10'° 2.22% 100 1.76 x 10'° 1.46 x 10'°
Vip 0.31 0.30 0.29 0.28 0.25 0.28

Vo 0.31 0.30 0.29 0.28 0.25 0.27

Vi3 0.31 0.30 0.29 0.28 0.25 0.28

Vi 0.31 0.30 0.29 0.28 0.25 0.27

Vo3 0.31 0.30 0.29 0.28 0.25 0.28

Vay 0.31 0.30 0.29 0.28 0.25 0.28

Table 3
Comparison of relative modulus for Mori-Tanaka, FE, and values from Perez et al.
[46].

Volume Relative Relative Relative Relative
fraction modulus modulus modulus modulus
(] (E/Ey) (E/Ey) (E/Ey) (E/Ey)
(Mori-Tanaka) (FE) (Experimental) (FE) [46]
[46]

0 1.0000 0.1000 1.0000 1.0000
0.1 0.8182 0.8145 - -

0.2 0.6664 0.6600 - -

0.3 0.5382 0.5182 0.5667 0.5344
0.4 0.4282 0.4509 0.4460 0.5031
0.5 0.3332 0.3346 0.3984 0.3755

system is expected to display lower stress values which is the case here.
The Mori-Tanaka and the FE analyses point out that the more voids
present in a material the more is the stiffness reduced. Therefore, the
drop of stress with growing void volume fraction is an expected result
even though the stress concentrations and their interactions become
more significant in foams with more voids.

The data presented in Table 3 provides a detailed comparison
of the specific moduli (E/p) obtained using different methodologies.
A noteworthy observation lies in the comparison of relative moduli
(E/E,) for varying volume fractions. In the case of a volume fraction
of 0.3, the relative modulus obtained from the Mori-Tanaka method
is 0.5382. This value shows only a 5.03% difference from the experi-
mental value of 0.5667 from the literature, affirming the closeness of
the method to experimental results. Likewise, when compared to the FE
value of 0.5344 from the same study, the Mori-Tanaka result is 0.71%
higher [46].

For a volume fraction of 0.4, the Mori-Tanaka method yields a
relative modulus of 0.4282. The Mori-Tanaka value is 3.99% lower
than the experimental value of 0.4460 and 14.89% lower than the FE
value of 0.5031, both taken from the same study [46].

Continuing the trend at a volume fraction of 0.5, the Mori-Tanaka
method predicts a relative modulus of 0.3332, which is 16.36% lower
than the experimental value of 0.3984 and 11.26% lower than the FE
value of 0.3755, both from the literature [46].

These minor variations can be attributed to multiple factors such
as material heterogeneities, experimental conditions, or computational
approximations and simplifications. However, the degree of correlation,
especially in the context of specific and relative moduli, underlines
the agreement between the Mori-Tanaka mean-field homogenisation
method and the FE analyses. This strengthens the accuracy of the
current computational models, reinforcing their reliability in predict-
ing the mechanical behaviour of Ti-6Al-4V alloy foams. Moreover,
these computational results are in very good agreement with experi-
mental and FE findings presented in existing literature validating the
conducted analyses [46].

Table 4 and Figs. 6 and 7 present the calculated mechanical prop-
erties of alloy foam using the Mori-Tanaka mean-field homogenisation
and FE methods which are found to be in good agreement. These results
outline the relationship between the volume fraction, Vi, density, p,
Young’s modulus, E, and specific modulus of the foams of Ti-6Al-4V
alloy.

As expected, a clear pattern emerges from the data acquired from
the Mori-Tanaka computations: as the volume fraction increases, there
is a corresponding but not strictly proportional decrease in density,
Young’s modulus, and the specific modulus.

When the alloy without any voids is used, the highest Young’s
modulus of 1.10 x 10'! Pa and a specific modulus of 2.39 x 107 m?/s?
are observed. Notably, the FE results are closely aligned with the
Mori-Tanaka calculations, validating the homogenisation approach.

Then, the fall of stiffness and particular stiffness of the material
declines. Consequently, at the highest volume fraction of voids, at
0.5, the foam displays the lowest values for these parameters: Young’s
modulus at 3.66x10'0 Pa, and a specific modulus of 1.59x107 m?/s2. The
FE results corroborate this decrease, with slightly larger magnitudes.

This trend suggests that with an increase in the volume fraction of
voids in the foam, the material becomes lighter (lower density), but its
ability to withstand deformations (as represented by Young’s modulus)
and the ratio of stiffness to weight (specific modulus) decrease as
well. This would be an expected outcome, as higher volume fractions
typically correspond to more porosity in the foam, resulting in such
reductions in stiffness. Moreover, the FE results generally agree with
these trends but show some variances at certain volume fractions,
highlighting the complexity of the foam’s mechanical behaviour.

Even though these results give an idea of the physical understanding
of the mechanics of foams, they do not provide enough to draw decisive
conclusions. It is necessary to emphasise that these relationships are
crucial but do not necessarily suffice to determine this alloy foam’s
appropriateness for specific applications. Especially considering that a
significant part of the loads is rotational body forces, which depend
on the mass of the fan blade, in other words, the density of the foam,
these parameters obtained via Mori-Tanaka homogenisation and FE
methods only hint towards a direction in the decision-making process of
the material selection. Thus, balancing the required properties for the
intended application against these trade-offs is essential in the design
process and material selection.

4.2. Numerical modelling of the fan blade

4.2.1. Static analysis

To start evaluating the results of the FE model of the fan blade struc-
ture, first a mesh convergence analysis is carried out under the highest
rotational speed and pressure. Fig. 8 shows that the stress increases less
than 5% of the calculated stress when using 50 000 nodes which is the
mesh that is used for this study. However, reducing the mesh size by
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Table 4

Mori-Tanaka and FE results for the alloy foam including Young’s modulus and specific modulus.
Volume Density (p) Young’s modulus Specific modulus Young’s Specific
fraction (V) [kg/m?] (E) [Pa] (E/p) [m?/s?] modulus (E) modulus (E/p)

(Mori-Tanaka) (Mori-Tanaka) [Pa] (FE) [m?/s?] (FE)

0 4600 1.10 x 10" 2.39 x 107 1.10 x 10" 2.39 x 107
0.1 4140 9.00 x 10'0 2.17 x 107 8.95x 10'° 2.16 x 107
0.2 3680 7.33 x 100 1.99 x 107 7.26 x 1010 1.97 x 107
0.3 3220 5.92 x 100 1.84 x 107 5.70 x 10'° 1.77 x 107
0.4 2760 4.71 x 100 1.71 x 107 4.96 x 10'° 1.80 x 107
0.5 2300 3.66 x 10'° 1.59 x 107 3.68 x 1010 1.60 x 107

half (increasing the node number up to 100 000) significantly increases
the central processing unit (CPU) time. Therefore, the current mesh size
is proven to be sufficiently efficient and accurate.

The results of the static analysis are presented in Table 5 and
visually displayed in Figs. 9-12. The results include the maximum
von Mises stress, the maximum principal stress, the maximum radial
displacement and the maximum displacement magnitude calculated in
the FE model of the fan blade.

The volume fraction, load, maximum von Mises stress, maximum
principal stress, maximum displacement, and maximum radial displace-
ment are the variables presented in this analysis.

First, focusing on the maximum von Mises stress (Fig. 9), it is seen
that as the volume fraction of voids increases from 0 to 0.5, there is
a general decrease in the maximum von Mises stress values for all the
rotational speeds. For instance, at a rotational speed of 26 rad/s (250
rpm), the maximum von Mises stress decreases by approximately 41%
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Fig. 9. Nondimensional von Mises stress versus rotational speed and volume fraction.

from 2.44x10™* to 1.43x107*. Similarly, at 104 rad/s (1000 rpm), there
is a drop of approximately 21% as V rises from 0 to 0.5. The maximum
principal stress (Fig. 10) decreases with the increase in volume fraction
across all rotational speeds following a similar trend. The correlation
between the volume fraction of voids and the stresses observed in
these simulations under static loading is primarily influenced by the
rotational body forces. As the fan blade becomes lighter, the rotational
body forces also drop. Of course, increasing volume fraction of voids
also reduces the stiffness of the blade which also brings the stress down.

However, the maximum displacement magnitude and the maximum
radial displacement do not strictly follow a monotonic pattern with
increasing volume fractions of voids. The data in Figs. 11 and 12 reveal
that at lower rotational speeds (26 rad/s and 52 rad/s), the maximum
radial displacements and the maximum displacement magnitudes ini-
tially increase with the growing in volume fraction, reaching a peak.
Then they start to fall. For higher rotational speeds (78 rad/s and 104
rad/s), the displacement values exhibit a decreasing trend with the
increase in volume fraction. This is again due to the reduction of the
blade’s mass with increasing volume fractions. The radial displacements
are predominately controlled by the rotational body forces. So the drop
in radial displacement is a direct indication of the reduction of mass is
more influential than the reduction of the stiffness when the volume

fraction is increased. Also, even though the stiffness also drops, the
decline of the displacement magnitudes suggests that the reduction
of the rotational body forces has a more significant impact on the
deformation of the blade than the pressure loads.

As expected, the growth of the rotational speed causes a rise in all
the parameters tracked within the scope of the static simulations. This
is due to the increasing centrifugal loads as well as the aero-pressure
loads acting on the system. One thing to note here would be that the
changes are more obvious for higher volume fractions compared to the
changes in lower volume fractions of the voids in the foams.

The observations made from the results of the static analysis sug-
gested that it is possible to reduce the stress in the blade and the
deformation of the blade at the same time if the foam is tailored/tuned
appropriately.

However, these results do not cover either the strength or the fatigue
life, which are also critical for such components. Particularly, it is
known that the voids in foams lead to stress concentrations which may
lead to the reduction of strength and fatigue life.

Notably, it is observed that the results are seen aligned with the
studies that proposed usage of foams as core materials for blades made
designs using sandwich structures [26,27].
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4.2.2. Modal analysis

Performing the modal analysis, the first eight modes are investi-
gated. The surface plots of the first three natural frequencies are shown
in Fig. 13. Furthermore, the calculated first eight natural frequencies
and the corresponding mode shapes are presented in Table 6 and
Fig. 14.

Analysing the prestressed modal behaviour, it is evident that an
increase in rotational speed and volume fraction does influence the
resonant frequency. This statement is supported by the alterations
observed in the 1st through the 8th natural frequencies.

Specifically, at a constant volume fraction, a rise in rotational speed
causes an increase in the natural frequencies due to the typical stiffen-
ing effects of the loads. For instance, when the alloy (not the foams)

is used to manufacture the blade, the 1st mode frequency displays an
increase of 34% as the rotational speed goes from 0 to 104 rad/s.

Moreover, at a fixed rotational speed, an elevation in the volume
fractionV/, also leads to decreasing natural frequencies. Remembering
the observation from the static simulations, the drop in mass is noted
as more significant compared to the fall in stiffness. On the other hand,
these declining natural frequencies suggest the exact opposite of what is
seen in the static analyses. Here, the reduction in the stiffness properties
seems to be more significant than the drop in the inertial properties.
For example, when the blade is stationary, the 1st mode frequency
decreases by 19% as V;, goes from 0 to 0.5.

Furthermore, an overall inspection of the frequency changes across
the different modes reveals a consistent trend. The natural frequencies
decrease when the volume fraction increases. In contrast, the natural
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Table 5
Nondimensionalised results of the static analysis.
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Volume Rotational speed Maximum von Maximum Maximum Maximum radial
fraction (V) [rad/s] Mises stress principal stress displacement displacement
0 26 2.44x 1074 2.81x107* 7.46 x 1073 2.08 x 1073
0.1 26 2.14x 1074 246 x 1074 7.82x 1073 2.20x 1073
0.2 26 1.83x 107* 2.10x 107* 8.01x 1073 2.30x 1073
0.3 26 1.53x 10~ 1.53x 107 7.99 x 1073 234 %1073
0.4 26 1.34x 10™* 1.40 x 10+ 7.64 x 1073 2.32x 1073
0.5 26 1.43x 107 1.44 x 107+ 6.79 x 1073 2.19x 1073
0 52 8.70x 107* 9.95x 107* 2.55x 1072 7.10 x 1073
0.1 52 7.55x 107 8.65x 107* 2.64 x 1072 7.44 x 1073
0.2 52 6.40 x 107# 7.35x 107* 2.67 x 1072 7.68 x 1073
0.3 52 5.95% 1074 6.10x 107* 2.64x 1072 7.77x 1073
0.4 52 6.05x 1074 6.10x 107 249 x 1072 7.66 x 1073
0.5 52 6.15%x 107 6.15x 107 2.19%x 1072 7.23 x 1073
0 78 1.46x 1073 1.63x 1073 3.89 x 1072 1.11x 1072
0.1 78 1.47x 1073 1.47x 1073 3.93x 1072 1.15x 1072
0.2 78 1.47 x 1073 1.47 x 1073 3.88 x 1072 1.16 x 1072
0.3 78 1.45x 1073 1.46 x 1073 3.69 x 1072 1.16 x 1072
0.4 78 1.44 x 1073 1.44x 1073 3.33x 1072 1.11x 1072
0.5 78 1.40x 1073 1.41x 1073 2.71x 1072 1.01 x 1072
0 104 3.28x 1073 3.29x 1073 6.43 x 1072 1.82x 1072
0.1 104 3.19%x 1073 3.20% 1073 6.45x 1072 1.86 x 1072
0.2 104 3.07x 1073 3.08 x 1073 6.35x 1072 1.90 x 1072
0.3 104 2.89 x 1073 2.90 x 1073 5.97x 1072 1.91x 1072
0.4 104 2.77x 1073 2.78 x 1073 5.58 x 1072 1.83x 1072
0.5 104 2.60 x 1073 2.61x 1073 4.78 x 1072 1.72x 1072
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Fig. 13. Nondimensional frequency versus rotational speed and volume fraction for the first three modes.

frequencies rise as the rotational speed increases. This pattern holds
across all eight natural frequencies. Since the physical phenomena that
cause these two trends are not mode-dependent. The reduction of the
stiffness and inertial properties and the stiffening effects of the loads
influence the system as a whole and not some particular mode.

It is worth mentioning that the impact of rotational speed on the
natural frequencies seems to be greater than the volume fraction’s
influence. This difference becomes more apparent at higher rotational
speeds and modes. Therefore, the rotational speed’s role in affecting the
system’s dynamics may be considered more substantial, necessitating
careful checks and adjustments during the design process as well as
the operation.

Finally, the results reveal that the dynamics of the blade have a
complex nature. The parameters that affect the results of the static
analysis are shown to cause different tendencies when it comes to the
modal analysis of the blade. Therefore, the dynamics of the blade need
to be a completely separate parameter for the design when employing
foams to manufacture the fan blade.

Finally, the results of the modal analyses presented in this study
are in good agreement regarding the physics and tendencies/trends

10

compared to the studies in the literature that incorporates a foam cor
for blade applications [26,27].

5. Conclusions

This study presents a numerical investigation of the mechanical
properties of Ti-6Al-4V alloy foams and their applicability in the design
of aero-engine fan blades. Taking advantage of the Mori-Tanaka mean-
field homogenisation and FE methods, the effects of the volume fraction
of voids on the foam’s mechanical characteristics are assessed. Also,
using the FE method, a numerical model of a representative fan blade
is constructed incorporating these calculated material properties. This
numerical model is used to execute static and modal analyses of a
fan blade made of foams under its representative operating conditions.
Through these processes, the study outlines the key trade-offs to con-
sider when applying this material in fan blade design, emphasising
the importance of carefully balancing these aspects in the materials
selection and design process.

The results of the Mori-Tanaka and the FE analysis indicate that
as the volume fraction of voids in the foam increases, Young’s modulus



M. Tiifekci

Composites Part C: Open Access 12 (2023) 100414

Table 6
Nondimensionalised natural frequencies calculated through the modal analysis.
Volume Rotational speed 1st mode 2nd mode 3rd mode 4th mode 5th mode 6th mode 7th mode 8th mode
fraction (V) [rad/s] [Hz] [Hz] [Hz] [Hz] [Hz] [Hz] [Hz] [Hz]
0 0 1.00 2.70 3.33 11.38 13.60 20.29 24.16 30.25
0.1 0 0.95 2.57 3.18 10.84 12.97 19.34 23.03 28.84
0.2 0 0.91 2.46 3.04 10.38 12.41 18.52 22.05 27.61
0.3 0 0.88 2.37 2.92 9.98 11.93 17.79 21.18 26.52
0.4 0 0.84 2.28 2.82 9.61 11.49 17.14 20.41 25.56
0.5 0 0.81 2.20 2.72 9.29 11.10 16.56 19.72 24.69
0 26 1.03 2.75 3.37 11.39 13.80 20.38 24.17 30.22
0.1 26 0.98 2.63 3.21 10.86 13.17 19.43 23.04 28.81
0.2 26 0.94 2.52 3.08 10.41 12.62 18.61 22.06 27.58
0.3 26 0.91 2.43 2.96 10.00 12.14 17.89 21.20 26.50
0.4 26 0.88 2.34 2.86 9.65 11.70 17.25 20.43 25.55
0.5 26 0.85 2.27 2.77 9.33 11.31 16.67 19.75 24.70
0 52 1.10 2.90 3.47 11.45 14.34 20.63 24.20 30.15
0.1 52 1.06 2.78 3.33 10.93 13.72 19.70 23.08 28.76
0.2 52 1.02 2.69 3.20 10.49 13.18 18.89 22.11 27.55
0.3 52 0.99 2.60 3.09 10.10 12.69 18.18 21.26 26.49
0.4 52 0.96 2.52 2.99 9.77 12.25 17.54 20.51 25.56
0.5 52 0.93 2.46 2.90 9.47 11.85 16.97 19.83 24.75
0 78 1.18 3.08 3.62 11.57 14.86 20.92 24.27 30.17
0.1 78 1.14 2.97 3.48 11.07 14.25 20.00 23.16 28.80
0.2 78 1.10 2.88 3.35 10.65 13.70 19.20 22.20 27.62
0.3 78 1.07 2.81 3.25 10.28 13.21 18.49 21.36 26.59
0.4 78 1.04 2.74 3.15 9.97 12.76 17.86 20.61 25.71
0.5 78 1.01 2.68 3.07 9.70 12.32 17.29 19.95 24.95
0 104 1.34 3.44 3.95 11.85 15.87 21.52 24.41 30.22
0.1 104 1.30 3.34 3.82 11.37 15.26 20.61 23.31 28.89
0.2 104 1.27 3.27 3.70 10.98 14.71 19.82 22.35 27.74
0.3 104 1.24 3.20 3.59 10.64 14.21 19.12 21.52 26.76
0.4 104 1.22 3.15 3.49 10.35 13.74 18.49 20.78 25.92
0.5 104 1.19 3.11 3.40 10.12 13.30 17.92 20.13 25.21
15t Mode 2" Mode 3rd Mode and specific modulus decrease. This trend suggests that whilst the mate-
1t Flap 2" Flap 15t Torsion rial becomes lighter with a higher volume fraction of voids, its capacity
S — Y to resist deformations reduces, indicating the inherent trade-offs to be
! §§§§§§i ‘ considered in the design and materials selection process.
B I%%égigi Static simulations of the fan blade reveal that as the volume fraction
+3. 4 . . . . . . .
135050l of voids increases, the maximum von Mises stress and maximum princi-
+1.765e-01 . . . . .
+1324e-01 pal stress decrease, which can be primarily attributed to the reduction
158606 +00 in rotational body forces. Maximum displacement and radial displace-
ment initially increase with the volume fraction of voids, reaching a
peak, and then decline at higher rotational speeds.
4t Mode 5th Mode 6t Mode Besides, the modal analysis provides a different side of the mechan-
; : ics of the blade, illustrating a different correlation between the volume
Chordwise 3 Flap 2" Torsion . & : : ;
fraction and the natural frequencies, suggesting that the dynamics of
the blade change when foams are employed. The rotational speed is
found to have a more substantial impact on the natural frequencies,
underscoring the need for careful considerations during design and
operations.

This study lays a groundwork for future research that can explore
this topic further. Whilst the present work provides a clear overview
of the potential use of Ti-6Al-4V alloy foams in aero-engine fan blades,
it highlights some complexities in the impact of various parameters.

7" Mode 8t Mode

Chordwise-Flap Coupled  Torsion-Flap Coupled

L

Fig. 14. The first eight mode shapes of the fan blade model.

However, there are more parameters to consider, which is essential to
gain a sufficient understanding to be able to achieve a complete design.
Among these parameters, more comprehensive loading conditions in
the numerical models can be considered. These loading conditions
should include thermal loads and steady-state dynamic loads as well
as transient dynamic loads. The forced response of these blades made
of foam needs to be performed, as well as cases like bird strike are
necessary, which requires elastoplastic material modelling.
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