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Abstract This paper presents a method for optimisation of the material composition of functionally graded
materials (FGMs) for thermal stress relaxation. This method consists of a multiscale thermoelastic analysis and
a genetic algorithm. In the presented method, location-dependent unit cells representing the microstructures
of two-phase FGMs are created using morphology description functions, and the homogenised material prop-
erties and microscale thermal stresses are computed using the asymptotic expansion homogenisation method.
Thermal stress relaxation effects at the microscale in the FGMs are quantitatively evaluated, being reflected
for the optimisation computation of the material composition. Numerical calculations are performed for a
functionally graded infinite plate subjected to prescribed surface temperatures, and it is demonstrated that the
optimisation with the knowledge of specific microstresses in FGMs results in not only a different trend of
material composition distribution but also a different critical location for material failure from those obtained
by conventional optimisation without the knowledge of the microstresses.

1 Introduction

Functionally graded materials (FGMs) are advanced composite materials formed of two or more constituents
with a continuously variable composition. The varying material composition produces useful functions such
as thermal stress relaxation, biological compatibility and refractive index control [1]. FGMs were originally
developed to serve as high-performance heat resistant materials that can withstand large temperature gradients.
Generally, this type of FGM is composed of a ceramic and a metal. In the present paper, we refer to this type
of FGM as a ‘FGM for thermal stress relaxation’.

The microstructure of a typical FGM for thermal stress relaxation is shown in Fig. 1 [2]. As shown in
this figure, FGMs for thermal stress relaxation are both macroscopically and microscopically heterogeneous.
Such two-phase FGMs make a transition from a particle-matrix microstructure, in which isolated particles
are scattered within a matrix phase, to another particle-matrix microstructure via an interpenetrating network
(or skeletal) structure, in which the two phases intertwine with each other, as the content of the second phase
increases [1].

FGMs are referred to as ‘designable materials’. In order to exploit the full potential of FGMs, they need to
be fabricated according to the optimal material composition distribution that is predetermined in response to the
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Fig. 1 Schematic illustration of the microstructural transition in a ceramic/metal FGM

environment in which they are used. In the case of FGMs for thermal stress relaxation, there are two prerequi-
sites to the determination of their optimum material composition distribution: (i) accurate estimation methods
for the effective thermomechanical properties and (ii) analytical techniques for solving heat conduction and
thermoelastic problems of heterogeneous bodies with an arbitrary heterogeneity.

For an accurate estimation of the effective (or homogenised) material properties, information about the
material composition and the microstructural morphology, which can greatly influence the material properties,
must be taken into account. Higher-order techniques for the theoretical prediction of effective physical prop-
erties are continually being developed and a related review article has been published [3]. In existing studies
focusing on the optimisation of the material composition distribution of FGMs, however, mean-field homog-
enisation techniques that assume simple microstructures (e.g. spherical inclusions dispersed in a matrix) have
been employed [4—7] to estimate the effective material properties of FGMs. In other words, specific information
regarding the microstructural morphology was neglected during these homogenisation calculations. Thus, the
validity of the resultant optimum material composition distribution is disputable.

In the material design of FGMs for thermal stress relaxation, the objective of heat conduction and ther-
moelastic analyses is to quantitatively predict the distribution of thermal stresses in a functionally graded
component under a given thermal loading condition. This allows us to assess the safeness of the component in
the context of failure criteria for the FGMs. However, the relationship between the effective failure criteria (i.e.
homogenised strength properties) at the macroscale in the FGMs and material composition (or microstructure)
is not simple; this relationship is known to show a complicated variation in the transition zone (see Fig. 1) [2].
Moreover, coupled with the fact that an FGM for thermal stress relaxation is a composite material composed
generally of a ductile material and a brittle material, micromechanics models that can estimate the effective
failure criteria from the material composition and microstructure have not yet been established. For these
reasons, reliable failure criteria based on the macroscopic stress state of FGMs have yet to be reported. Hence,
the knowledge of macroscopic stress states obtained from conventional (macroscale) thermoelastic analyses
alone is not sufficient to assess the safeness of functionally graded components. A solution to this issue is to
evaluate the stress state at the microscale (i.e. microstress field), at which respective constituent materials are
in a mixed state. With knowledge of the microstresses, one can apply material phase-specific failure criteria
to better assess the failure of the heterogeneous material of the functionally graded component [8].

Existing studies on the microscale thermoelastic analysis of FGMs are limited. Pindera et al. [9] investigated
the effects of microstructural architectures in graded thermal barrier coatings on thermal stress distributions
using artificial material models with different levels of functionally graded microstructural refinement and dif-
ferent arrangements. Dao et al. [10] developed a computational micromechanics model to study the influences
of discrete microstructure on residual stress distributions at the grain size level in FGMs. Tsukamoto [11]
analysed microstresses in FGMs on the basis of Eshelby’s equivalent inclusion method and Mori-Tanaka’s
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mean-field approximation; however, because this analysis evaluates volumetric average stresses in the matrix
and dispersion phases, it cannot evaluate specific microstress distributions. Khan et al. [12] performed coupled
heat conduction and deformation analyses of viscoelastic FGMs using a simplified micromechanical model for
particle reinforced composites; unfortunately, their micromechanical model also failed to incorporate the effect
of stress concentration at the microscale. Note that these four studies did not consider the FGM microstructural
morphology. In contrast, Cannillo et al. [13] mapped SEM images of real FGM microstructures onto finite
element meshes and numerically predicted the microscale thermal residual stresses that may arise during an
FGM fabrication process. Similarly, Vena [14] analysed thermal residual stresses at the microscale in an FGM
using a hybrid finite element approach, which takes account of the shape of the constituent material grains.
However, analyses with full microscale models such as these are extremely time-consuming, and therefore, it
is impractical to incorporate them into the computation of the optimal material composition.

The asymptotic expansion homogenisation (AEH) method is one of the multiscale analysis methods that
can efficiently predict the microscopic stress state. It is a mathematically rigorous theory that includes the
coupling between the macroscale and microscale and has received much attention in recent years [15]. The
AEH method has the advantages that the equivalent macroscopic material properties for composite materials
with an arbitrary complicated microstructure can be calculated exactly and the distribution of stresses in the
microstructure can also be evaluated. The former advantage enables us to investigate the effects of microstruc-
tural morphology on the effective material properties in FGMs. In relation to this, a design methodology based
on the AEH method for graded microstructures of functional materials has been proposed by Takano et al.
[16]. Goupee et al. [8] first succeeded in applying the AEH method coupled with the finite element method
(FEM) to the multiscale thermoelastic analysis of two-phase FGMs. They conducted a direct micromechan-
ical failure analysis based on microstresses obtained from the multiscale analysis using numerically created
microstructure models.

In the present study, an optimisation methodology is presented for the material composition distribution
of FGMs for thermal stress relaxation. The methodology consists of a multiscale thermoelastic analysis by
the AEH method and a genetic algorithm (GA). In the multiscale thermoelastic analysis, we use numerically
created morphology models that describe the microstructures of the FGMs and the AEH method quantitatively
evaluates local thermal stress concentrations induced by the microstructural heterogeneities. The quantified
thermal stress relaxation effects at the microscale level are reflected for the optimisation computation of the
material composition. For comparison purposes, we have also performed the conventional optimisation of
material composition using simple mean-field homogenisation techniques [17], which does not require the
computation of the microscopic stress states. The effects of the presence or absence of information about
microstructural morphology and microstresses on the obtained optimum material composition distribution are
investigated through a model problem for a functionally graded infinite plate subjected to prescribed surface
temperatures.

2 Multiscale analysis of heat conduction and thermoelastic problems

This section contains a brief outline of the multiscale formulation of the steady heat conduction and ther-
moelastic problems using the AEH method. For more details, see [8], [15], and [16]. Note that the Einstein
summation convention is used in the following formulation.

2.1 Heat conduction problem

Consider a two-phase functionally graded body with spatially varying microstructure, as shown in Fig. 2.
A micro region in the macroscopic domain €2 is assumed to consist of a large number of microstructures that
correspond to the macroscopic location, and the unit microstructure is referred to as a representative material
element (RME), which occupies the domain Y. We assume a macroscale x € €2 and microscale y € Y as shown
in Fig. 2. Given that the characteristic lengths of the macroscopic body and RME are L and /, respectively, the
ratio of the length scales is ¢ = [/L <« 1 and the relationship between both scales is given by

X

y=-. (1)
&

For the steady heat conduction problem, the weak form of the governing equation is obtained by considering
the effects of the microstructure as
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Fig. 2 Schematic of a two-phase functionally graded body with a microscale (y;) and macroscale (x;) coordinate system
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where K;; is the thermal conductivity tensor, w is a test function, and g and & denote the internal heat gen-
eration and the heat flux prescribed normal to the boundary I'y, respectively. K;; reflects the microscopic
heterogeneity represented by periodic functions.

The temperature is approximated with an asymptotic series representation in & given by

T(x,y) =T°x) +eT'(x,y) + 2T (x, y) + - - -, 3)

where T is the macroscopic (or homogenised) temperature and 7" (n > 0) are the periodic temperatures
in more refined scales. It has already been proven that macroscopic quantities such as 7° are functions of
macroscopic coordinates x only. We substitute Eq. (3) into Eq. (2) and neglect high-order terms (O (g2)).
Subsequently, by using the following averaging principle for a periodic function W(y)

|
lim [ @ (5) aQ :/—/\U(y)deQ, )
e—0 £ Y|

Q Q Y

the coupled micro-macro problem can be decoupled into separate microscopic and macroscopic problems. Note
that |Y | represents the volume of the RME. The weak forms of the microscopic and macroscopic governing
equations are, respectively:

3ol dw Jw
Kip2 204y = | Kijomdy Vu(y), (5)
dyp 9yi dyi
aT" dw
kR 2240 = [ ¢Hwde + [ hwdl vu(x). (6)
J ax]' ax,-
Q Q ry,

By solving the microscopic equation, Eq. (5), under periodic boundary conditions over the RME domain Y, we
can obtain the characteristic temperature functions ¢/ (j = 1, 2, 3), which depend only on the heterogeneity in
the RME and the thermal conductivity tensors of the constituents. In Eq. (6), K IIJ{ is the homogenised thermal

conductivity tensor and ¢! is the homogenised internal heat generation; these homogenised quantities are
defined as
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2.2 Thermoelastic problem

For the thermoelastic problem, the weak form of the governing equation can be described by

. 81)'
/Ci]kl_a_dQ /bividQ-i-/tividF+/Cijk104kl(T— To)al_dQ Vi (X, y), )
Q Q r, Q !

where C;jy; is the elastic tensor, uy is the displacement, v; is a test vector (or an arbitrary virtual displace-
ment), b; and #; denote the body force and the traction applied on the boundary I';, respectively, and oy; is the
coefficient of thermal expansion (CTE). C; reflects the microscopic heterogeneity represented by periodic
functions. Ty is the initial temperature.

In the same way as the temperature field in the heat conduction problem, the displacement is expressed
using the asymptotic expansion method as

wi(x,y) = ud(x) + eul (x,y) + 2u?(x,y) + -, (10)

where u? is the macroscopic (or homogenised) displacement and u/ (n > 0) are the periodic displacements
in more refined scales. By substituting Egs. (3) and (10) into the governing equation, Eq. (9), and using the
averaging principle given by Eq. (4), the coupled micro-macro problem can be decoupled into separate micro-
scopic and macroscopic problems. The weak forms of the microscopic and macroscopic governing equations
are:

/c D V1 4y _ /c iy Vo) an
) v 5 (¥,
ijmn ayn ay] ijkl 3yj iy
Y Y
/ Cyjua L OV gy / Couon dy Vi (y), (12)
dy; dy; : dy;
Y Y
au? ov; v
/Ci}jl'kl_k g = /biHUidQ-l-/liUidF +/C,jkla,§§(T° — T V). (13)
0x; 0x; 0x;
Q T, Q

One of the microscopic equatlons Eq. (11), provides the characteristic displacement functions X , which
depend on the heterogeneity in the RME and the elastic tensors of the constituents. The other microscopic
equation, Eq. (12), provides the characteristic displacement functions v associated with the heterogeneity
and the CTEs of the constituents. In Eq. (13), C gkl is the homogenised elastic tensor, ai}]I. is the homogenised

CTE and bl.H is the homogenised body force. These are expressed as follows:

Ixm

Czl}lkl Y| / (Cljkl Cijmn—— Dy )dY, (14)

H ijpq k
= ¢ —-——)dr, 15
o Y] / pakl (Olkl . ) (15)

Y

= — [ b;dY, 16
Y| / ! (16)

Y
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where Di}}p 4 denotes the homogenised compliance tensor, which is the inverse of the homogenised elastic
tensor. The microscopic equations, Egs. (11) and (12), are solved under periodic boundary conditions over the
RME domain Y. To solve these equations for complex microstructures, a numerical method, e.g. the FEM, is
generally required.

Once the macroscopic strains (=(9 ug /0x; + au? /0xx)/2) and macroscopic temperature 79 are known, with

the knowledge of X,’jj and v, the microstress components can be calculated as

Axk\ ou? ik
oij = (Cijkl — Cijmna_m —* — Ciju (ot — . (T° - Tp). 17)
Yn yi

Obtaining homogenised quantities on the basis of microstructural information, as shown in Egs. (7), (8) and
(14-16), is referred to as a ‘homogenisation process’, whereas investigating the stress response of microstruc-
tures, as shown in Eq. (17), is referred to as a ‘localisation process’.

3 Material structure modelling of FGMs
3.1 Macrostructure

For the optimisation of the material composition of FGMs for thermal stress relaxation, we consider a two-
phase (ceramic/metal) FGM whose material properties vary only in one direction. The optimisation of the
material composition distribution of a two-phase FGM is equivalent to the optimisation of the volume fraction
distribution of one of its constituent phases. In order to facilitate the optimisation process with AEH-based
multiscale analysis, we approximate the continuous volume fraction distribution function of the original FGM
with a step function. The reason for this is that a direct point-wise optimisation of the volume fraction at every
location along the graded direction is computationally expensive and therefore intractable. As a result, we
have used a multi-layer description of the FGM, in which the microstructural morphology is uniform in each
layer but is different from the microstructural morphology in neighbouring layers. Because of the multi-layer
approximation, the overall FGM responses show zigzag variations (discontinuities) along the graded direction.
However, the discontinuities in the FGM can be reduced by increasing the number of the fictitious layers, #,
along the graded direction. Of course, this approximation is unnecessary for FGMs originally made of a series
of layers with different material compositions.

3.2 Microstructure

The microstructural morphology for each fictitious layer is defined using a morphology description function
(MDF). This approach was employed to design microstructures for functional porous materials [18] and to
create realistic computational models of microstructures for FGMs [8,19,20]. In the latter case, depending
on the choice of MDF, a wide variety of microstructural morphologies with desired phase volume fractions
can be created. The variation in the microstructural morphologies along the graded direction over the macro-
scopic domain €2 is specified on the basis of the spatial variation in the phase volume fractions along the same
direction; these variations are both stepwise in the present study.

4 Volume fraction optimisation using a genetic algorithm
4.1 Formulation of the optimisation problem

The optimisation of the material composition distribution of a two-phase FGM now reduces to determining
the optimal volume fraction of one of the constituent phases in each layer of a multi-layer system. In this case,
the optimisation problem with the necessary constraint conditions can be written in the following form:

Design variables 'V,

Minimise f(v),

Subject to o<Vi<l,i=12,...,n,
Vi<Vig,i=12,..,n—1,

(18)
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where V = [V, Va, ..., V,]is the vector of volume fractions in the respective layers and f(V) is the objective
function to be minimised. The specific form of f (V) is discussed in the next subsection. The above optimisation
problem includes n design variables.

4.2 Objective function

To construct an objective function for optimising the material composition distribution of FGMs for thermal
stress relaxation, we consider a macroscopic safety index g(x) based on a direct micromechanical failure anal-
ysis. A detailed description of the safety index is given in Appendix A. This safety index indicates how safe
a composite material is at a point x and is determined by the relationship between the microstress field in the
material and phase-specific failure criteria. This concept was first used for a direct micromechanical failure
analysis of FGMs by Goupee et al. [8, 19]; they introduced a ‘factor of safety’ therein. The safety index g used
in the present study is equivalent to the inverse of the ‘factor of safety’. In the present study, the maximum of
the safety index g evaluated over the entire macroscopic domain €2 is considered as the objective function, i.e.

f(V) = max g(x). (19)

4.3 Genetic algorithm

In order to solve the optimisation problem, we use a GA, which has the advantage of a rapid and efficient global
searching ability, and can be applied to optimisation problems in which the gradient information is not avail-
able. GA is a biologically inspired optimisation method in which the population of candidate solutions evolves
towards an optimal solution using genetic concepts. GAs were originally developed using binary-coded genetic
strings. Subsequently, extended GAs coded using real valued parameters instead of binary strings (namely,
real-coded GAs) have been proposed, being employed for optimisation in a continuous search space. In the
present study, however, the former type (a discrete-coded type) of GA [21] is employed for conceptual simplic-
ity. Since a number of books on GAs have been published, detailed descriptions of each stage (e.g. selection,
crossover, mutation and scaling) of the GA procedure are omitted here.

The value of V; in each layer is incorporated in a chromosome as a gene that comprises a 6-bit binary num-
ber (see Fig. 3). It should be noted that whenever new chromosomes are created during the evolution process,
the volume fraction values in the layers are sorted in ascending order with increasing the layer numbers to
meet the constraint conditions shown in Eq. (18). Each individual inherits one chromosome, which consists
of n genes. In this case, each V; can take 2° discrete values and therefore the size of the solution space is
26.(2°+1)...(2% 4+ n — 1)/n! under the constraint conditions. Table 1 shows the specifications of the GA
used for the optimisation. The fitness rating F to be used as a selection criterion for individuals to survive into
the next generation is defined by

1
F=—7r. 20
) e
A stepwise FGM
A gene
(001010 | o100 | - -(C -] 1omi00 [ ooton |

Layer No.
1 2 e e e e n—1 n
<— Information on volume fractions

Fig. 3 Binary coding of volume fraction values of respective layers for an individual
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Table 1 Specifications for GA optimisation procedure

Item Adopted rule/value
Length of bit strings of an individual 60
Population size 40

Selection
Crossover/probability
Mutation/probability
Scaling

Roulette wheel selection and elitism
Uniform crossover/0.75

One-point mutation/0.01

power law scaling

GA-based optimisation part

AEH-based multiscale analysis part

Start

| Creation of microstructures using MDF
[
Calculation of characteristic functions
and homogenized material properties
1

| Preparation of MDF |

| Creation of individuals |

| FE modelling of microstructures

| Homogenization analysis

Is the termination

|
i
i
i
|
|
i
i
| i
| |
e o I i i
condition fulfilled? E Calculation of temperature and thermal E Created FE mesh
<fral 1etrt 1 Q9 a QO 1
E strain distributions at the macroscale '| and obtained
. i . I . 1| characteristic
| Selection | ! Calculat}on of macroscopic safety '| functions
| ! index distribution .
i 1
Crossover | : o . i
| i | Localization analysis | E
I I :
| Mutation | 1 E
i
i i
| E ( Return ) !
| Reproduction | ' i
| |
. Z25

Fig. 4 Flow chart of GA optimisation procedure

The evolution process is iterated until the evolution for 10 generations does not change the best individual
after the power-law scaling coefficient reaches 10. Figure 4 shows a flow chart of the optimisation process.

5 Validation of multiscale analysis

Prior to optimising the volume fraction distribution of FGMs for thermal stress relaxation, the multiscale
analysis code that we developed was verified by comparing the results for the homogenised material properties
obtained from our computation with the results presented in a previous study [8] for a Ti/ZrO, FGM plane-
stress body with a realistic variation in the microstructure. The temperature-dependent material properties for
the titanium and zirconia phases are given in Table 2 [8]. The microstructures of the Ti/ZrO, FGM across the
entire range of volume fraction variations have been created using a MDF as follows [20]:

N 2 S\ 2
(y1 - y{’)) + (yz - yé’))
—N B ,

N
p(y) =D ciexp Q1)

i=1
where the coefficients ¢; € [—1, 1] and (yi") , yg) ) € Y are randomly chosen. Following Goupee et al. [8],
N = 800is adopted here to create the microstructures. The microscale analyses (to be exact, the homogenisation
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Table 2 Temperature-dependent material properties of Titanium and Zirconia, 7" in Kelvin

Material property Ti y4{0))

K (W/mK) 1.1 +0.017T 1.714 021 x 10737 +0.116 x 107°T2

E (GPa) 122.7 — 0.0565T 132.2 —50.3 x 10737 — 8.1 x 107072

v 0.2888 + 32 x 10°°T 0.333

o (1/K) 743 x 1070 +5.56 x 10797 — 2.69 x 1071272 13.31 x 1070 = 18.9 x 10797 + 12.7 x 1012712
oy (MPa) 1252.0 — 0.8486T -

out (MPa) - 148.1 +1.184 x 10737 — 31.4 x 107072

oue (MPa) - 3181.2425.43 x 10737 — 0.675 x 107372

(a) (b) 120
7{\ 300K i —300K
115 +
©
o
9‘-_ 110
-
i
105
1 ‘ ‘ ‘ ‘ 100 &=" ‘ ‘ ‘
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Volume fraction of ZrO2 Volume fraction of ZrO2
(c) 0.335 ‘ ‘ (d) 96 w
ngO ﬁ —300 K
————— 50 -850 K
0325 | —- 400 K | 9.2¢% -~ 400 K 1
) o Goupee et al. _‘\-\0 o Goupee et al.
< el
o 88F I ——oo—w o o
™ 0315 ] =) e,
> = oL Tl
= 8.4 e A
. S
03051 ..o 1 Seo
R 8 | \’\o\ q
0.295 L L L L 6 I | L L
0 62 04 06 08 1 78, 02 04 06 08 1

Volume fraction of ZrO, Volume fraction of ZrO,

Fig. 5 Homogenised material properties at different volume fractions and temperatures: a thermal conductivity, b Young’s
modulus, ¢ Poisson’s ratio and d coefficient of thermal expansion

processes) are performed by the FEM. The FE mesh used was a regular mesh of 2,500 four-noded isoparametric
quadrilateral elements.

The homogenised material properties for the Ti/ZrO, FGM with microstructures obtained from the MDF,
Eq. (21), at three different temperatures are plotted in Fig. 5 as a function of the ZrO, volume fraction. There is
a good agreement between our numerical results and the results of Goupee et al. [8] at all three temperatures.
Hence, it has been demonstrated that the characteristic temperature functions (see Eq. (7)) and characteristic
displacement functions (see Eqs. (14) and (15)), which are necessary to calculate the homogenised material
properties, are correctly obtained thorough our multiscale analysis code. This implies that the microstresses
computed via Eq. (17) including the characteristic functions are also correctly obtained through the multiscale
analysis code.
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Fig. 6 Schematic of thermal loading, boundary conditions and volume fraction distribution for a Ti/ZrO; 10-layered functionally
graded infinite plate

6 Volume fraction optimisation of a functionally graded infinite plate

In this section, the proposed optimisation approach for the material composition distribution of FGMs for
thermal stress relaxation is demonstrated via a model problem that necessitates a two-dimensional multiscale
analysis. Consider a Ti/ZrO; functionally graded infinite plate with thickness 7 in which the material compo-
sition varies only along the thickness direction. The functionally graded plate is approximated as an assembly
of 10 layers with identical thickness, as shown schematically in Fig. 6. We define x; as the relative distance
from the pure metal (Ti), i.e. x; = O stands for the pure Ti and x; = t stands for the pure ceramic (ZrO,).
In order to simplify the multiscale analysis, the functionally graded plate is considered to be macroscopically
transversely isotropic in the x;—x, plane, similar to Shabana et al. [22]. In other words, the microstructures
of the functionally graded plate do not vary along the x3-direction in this model problem. For simplicity, it is
assumed that the dependence of material properties on temperature is negligible and no heat is generated in
the plate. The top and bottom surfaces of the plate are kept at Tiop = 500 K and Tyoiom = 300K, respectively,
and the heat is considered to flow along the x;-direction only. Moreover, a plane-stress state in the thickness
direction is assumed, and both in-plane and out-of-plane deformations of the plate are restricted. In this case,
the macroscopic steady-state temperature, macroscopic stresses and strains (denoted by symbols with a bar)
are obtained as follows:

X1

Tto - Tbottom 1
T0(x1) = —o— / A& + Thotom, (22)
IN mdf 4 K1)
) _ EN (x)AT (x)
o11 = 0,020(x1) = — 1 _2?)?21”)”%(;1) [y (x1) + w3 (x a3y (x1)]
) EX (x)AT (x1)
33(xp) = ——3 vl o) + ol (x)]. (23)
P = B el (20 o)
AT
E11(x1) = (1) (v o) [edh ) + v (eneds ()]

1 — vl vl o)
+ v o) B aenedh () + ey e[} + el D AT (1),
£y = €33 =0, (24)

where E ll}l is the homogenised Young’s modulus, vg is the homogenised Poisson’s ratio, AT is the temperature

rise from stress-free state (:T0 — Thottom ), and the macroscopic shear stresses and shear strains are all zero.

Because the homogenised properties E_%, a%, vg, v?z, and le3 in Egs. (22)—(24) cannot be obtained from
the homogenisation process by the two-dimensional AEH method, ag is estimated by a combination of Scha-
pery’s axial CTE model [23] and fuzzy inference [24], and the remainder by the linear rule of mixtures. It is
known that the longitudinal elastic properties of unidirectional fibrous composites follow the rule of mixtures
very closely. The material properties of Ti and ZrO, at 400K (see Table 2) are used in this computation.

Two types of microstructural morphology expressions are employed to create the microstructures of
the functionally graded plate to be used for the model problem. One of the types of expressions describes
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Fig. 7 Microstructural morphologies with finite element mesh for ZrO, volume fractions of a 0.05, b 0.35, ¢ 0.50 and d 0.75

microstructural morphologies such that isolated inclusions are distributed in a matrix in a staggered arrange-
ment; the following MDF has been employed to create these morphologies:

p(y) = % |:2 — cos (271’ . W) — cos (27t . g)} . (25)

The created microstructural morphologies corresponding to zirconia volume fractions of Vzo, = 0.05, 0.35,
0.50, and 0.75 are displayed in a tiled 2 x 2 format in Fig. 7a—d, respectively. The staggered arrangement is
known to be more representative of FGM microstructures that exhibit random inclusion distributions than a
square array arrangement [9,25].

The other type of microstructural morphology expression describes realistic microstructural morphologies
of FGMs for thermal stress relaxation; the microstructures of the functionally graded plate across the entire
range of volume fraction variations have been created using Eq. (21) with N = 800. The representative micro-
structural morphologies created for several values of the volume fraction can be found in [8,20] and hence
their presentation is omitted here. Because the microstructures generated by the random MDF, Eq. (21), for a
sufficiently large value of N have been confirmed to be isotropic, the assumption that the functionally graded
plate is macroscopically transversely isotropic is not violated. For both types of microstructural morphology
expressions, the plane strain state is assumed at the microscale, and the microscopic problems are solved by
the FEM with the aforementioned regular mesh.

Vel et al. [20] investigated the relationship between the fineness of the finite element mesh (comprised
of six-noded triangular elements) and the resultant homogenised material properties for a composite material
with an interpenetrating network-like microstructure (or skeletal microstructure) created by the random MDF,
Eq. (21), with N = 800. They observed that the use of more than 3,200 elements provides calculated val-
ues for the homogenised material properties that have converged sufficiently. In addition, Goupee et al. [19]
investigated the relationship between the mesh fineness and the calculated maximum microstress in the same
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composite material, showing that more than 8,000 elements are needed to result in a sufficiently converged
value for the microstress. Thus, the present finite element computation, which uses a regular mesh comprising
2,500 simple four-noded quadrilateral elements, may not yield highly accurate homogenised material proper-
ties and microstresses. However, considering the trade-off between the accuracy and the computational burden
of the optimisation computation, we decided to use 2,500-elements.

In the optimisation process using the GA, we set V| = 0 and V9 = 1 and hence the volume fractions
of only eight intermediate layers are design variables. Moreover, the value of g in Eq. (19) is evaluated at
11 discrete points along the graded direction with equal intervals in each layer, and the maximum of those
evaluated in all the layers is taken as the value of f.

For comparison purposes, we also perform the conventional optimisation of the material composition using
simple mean-field homogenisation techniques [17], which does not require the computation of the stress state
at the microscale. ‘Appendix B’ describes our method of estimating the effective material properties of the
FGM and also the objective function that was used for this optimisation.

7 Results and discussion

Figure 8 shows the optimised material composition distribution and the corresponding macroscopic/micro-
scopic analysis results for the functionally graded plate with microstructures such that isolated inclusions are
distributed in a matrix in a staggered arrangement. The through-the-thickness profile of a ZrO, volume fraction
is given in Fig. 8a. As shown in the figure, this optimal volume fraction distribution is obtained by the GA
evolution for 144 generations, and the final fitness rating, given by Eq. (20), is 4.8450. Note that the correspond-
ing objective function value is the inverse of the fitness rating. A feature that the volume fraction increases
rapidly on the heating side of the plate is observed. The through-the-thickness variations in the macroscopic
temperature and thermal stresses are shown in Fig. 8b. There is no clear difference between o2, and 033 on
this graph; the maximum difference is approximately 0.1%. Therefore, in the present numerical example, the
functionally graded plate can be considered to be macroscopically isotropic. The macroscopic thermal stresses
in the plate are compressive throughout the thickness, and their absolute values increase monotonically towards
the heating surface of the plate. Figure 8c illustrates the distribution of a microstress in the RME at x; /t = 0.9
belonging to the 9th layer, at which the largest value of the macroscopic safety index g (see Eq. (A1)) within
the entire macroscopic domain of the functionally graded plate is observed. In this figure, element solutions
obtained from the microscale analysis by the FEM are shown as a contour plot. Compared with the structure
of the corresponding RME shown in Fig. 8e, it can be seen that large compressive stresses arise in the metal
phase. Note that the areal mean of the stress value over the RME agrees with the value of 627 at x;/t = 0.9 (in
the 9th layer) in Fig. 8b. Figure 8d is a contour plot of the microscopic safety index (see Eq. (A2)) in the same
RME. Because of the symmetry of the microstructure, there are eight locations where the maximum value is
observed. These locations are critical locations for material failure in the domain and all correspond to metal
phase elements located at the boundaries between the metal phase and ceramic phases.

Figure 9 contains the optimised material composition distribution and corresponding macroscopic/micro-
scopic analysis results for the functionally graded plate with realistic microstructures of FGMs for thermal
stress relaxation. Compared with the through-the-thickness profile of the ZrO, volume fraction shown in
Fig. 8a, while there is a discernible difference in the volume fraction of the 9th layer, it is similar in that the
volume fraction increases rapidly on the heating side of the plate. Moreover, the fitness rating of this optimal
volume fraction distribution is smaller than that shown in Fig. 8a. This indicates that the optimally designed
FGM with realistic microstructures is more likely to cause material failure than its counterpart with simple
microstructures. Furthermore, on optimising the material composition distribution of FGMs for thermal stress
relaxation, which actually have complicated microstructures as shown in Fig. 1, assuming their microstructures
as simple geometric (e.g. spherical) inclusions embedded in a matrix leads to a significant error: although the
obtained material composition distribution may be close to that obtained from the optimisation without the
assumption, the safety allowance of the FGM with the resultant optimised material composition distribution
against thermal loading is overestimated. Figure 9b shows the corresponding through-the-thickness variations
in the macroscopic temperature and thermal stresses. There is no significant difference between o2, and 033 in
the case of the realistic microstructures either, and therefore, the functionally graded plate can be considered to
be macroscopically isotropic. The macroscopic thermal stresses are also compressive throughout the thickness.
Figure 9c is a contour plot of a microstress in the RME at x1/t = 0.9 in the 9th layer, at which the largest
value of the macroscopic safety index within the entire macroscopic domain of the functionally graded plate is
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observed, that is, the critical location for material failure. Compared with the microstructure shown in Fig. 9e,
it is observed that the compressive stresses are large especially in the metal phases. The distribution of the
microscopic safety index in the same RME is shown in Fig. 9d. One can see that the value tends to be high in
metal phases and the maximum value is found at a metal phase element at a boundary between the metal and
ceramic phases.

Figure 10 illustrates the material composition distribution of the functionally graded plate obtained from the
conventional optimisation method using the simple mean-field homogenisation techniques and the correspond-
ing macroscopic responses. In the obtained design proposal, the ZrO; volume fraction increases exponentially
towards the heating surface, as shown in Fig. 10a. This is a different trend from the volume fraction distribu-
tion obtained through the optimisation computation based on the multiscale analysis (Figs. 8a, 9a). Owing
to the difference in the objective functions used for the GA optimisations, the fitness rating for the obtained
volume fraction distribution is considerably higher than those shown in Figs. 8a and 9a. Figure 10b shows
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the through-the-thickness variations in the corresponding macroscopic temperature and thermal stresses. The
functionally graded plate undergoes an equibiaxial compression in the x,—x3 plane, similarly to that shown
in Figs. 8b and 9b. The through-the-thickness variation in the local safety factor calculated from Eq. (B2) is
shown in Fig. 10c. The maximum value is observed at x;/t = 1; this means that the material failure is most
likely to occur at the heating surface. In summary, it has been demonstrated that optimisation with the knowl-
edge of specific microstresses in FGMs results in not only a different trend of optimised material composition
distribution but also a different critical location in terms of material failure from those obtained by optimisation
without the knowledge of microstresses.

For confirmation, the multiscale analysis by the AEH method was conducted to investigate microstresses
appearing in the functionally graded plate with the ZrO; volume fraction distribution shown in Fig. 10a, which
contains realistic microstructures. Figure 11a, b shows microscopic thermal stress distributions within the
RME at x; /T = 0.9 in the 9th layer, at which the largest value of the macroscopic safety index throughout the
entire macroscopic domain of the plate is observed. Since the RME exhibits an interpenetrating network struc-
ture (Fig. 11d), the stress distributions are rather complicated. However, it can be seen that large compressive
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stresses tend to occur in metal phases. Figure 11c is a contour plot of the microscopic safety index in the
same RME. The maximum value of 0.224 is higher than that (0.212) for the functionally graded plate with
the volume fraction distribution shown in Fig. 9a. Consequently, it has been confirmed that the volume frac-
tion distribution shown in Fig. 10a (i.e. the material composition distribution obtained from the conventional
optimisation method) is not optimum in terms of material failure at the microscale.

Finally, several computation runs were performed with different seeds to generate the random parame-

ters ¢;, y%’), and yé’)(i =1,2,...,N) in Eq. (21), which are needed to create realistic FGM microstructural
morphologies. We have verified that in all of the runs, the optimised ZrO, volume fraction distribution of the
functionally graded plate with realistic microstructures is identical to the distribution shown in Fig. 9a and the
volume fraction distribution shown in Fig. 10a never agrees with the optimum distribution in terms of material
failure at the microscale.

8 Conclusions

In this study, an optimisation methodology has been presented for the material composition distribution of
FGMs for thermal stress relaxation. The methodology consists of a multiscale thermoelastic analysis by the
asymptotic expansion homogenisation method and a genetic algorithm. For FGMs with microstructures created
using morphology description functions, the multiscale analysis including the homogenisation and localisation
processes is conducted by the asymptotic expansion homogenisation method coupled with a finite element
technique. Thermal stress relaxation effects at the microscale in FGMs are quantitatively evaluated, being
reflected for the optimisation computation of the material composition. The functionally graded component
under consideration is approximated as a multilayered body, and the volume fraction values of one of the
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constituent materials at the respective layers are chosen as design variables. The objective function is based
on phase-specific failure criteria applied to an existing direct micromechanical failure analysis of FGMs.
Numerical calculations are performed for a functionally graded titanium/zirconia infinite plate that can be
considered to be transversely isotropic at the macroscopic level, which is subjected to a constant temperature
load on its surfaces. The functionally graded plate is assumed to possess fairly simple microstructural mor-
phologies or random two-phase microstructures that resemble morphologies of actual FGMs for thermal stress
relaxation. For comparison purposes, we also performed the conventional optimisation of the material compo-
sition distribution using simple mean-field homogenisation techniques, which does not require the computation
of the microscopic stress state. The effects of the presence or absence of information about the microstructural
morphology and microstresses of FGMs on the obtained optimum material composition distribution have been
investigated. Numerical results demonstrate that optimisation with the knowledge of specific microstresses
in FGMs results in not only a different trend of material composition distribution but also a different critical
location for material failure from those obtained by optimisation without the knowledge of microstresses.
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Appendix A

The macroscopic safety index g(x) is defined as the maximum value of a stress ratio, which indicates a phase-
specific failure criterion, computed over the entire domain of the RME corresponding to a macroscopic location
of interest x; with the microscopic safety index G(x,y), it is expressed as follows [8,19]:
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In the above equations, o¢q is the Mises equivalent stress at the microscale, oy is the yield strength of the
metal phase, Yy, and Y, denote the regions in the RME, which are composed of metal or ceramic phases,
respectively; oy and oy are the ultimate tensile and compressive strengths of the ceramic phase, respectively;
and 0;(i = 1, 2, 3) are the principal stresses obtained from the microstresses. Equation (A2) represents the
usage of the Mises failure criterion for the metal phases and a modified-Mohr criterion for the ceramic phases.

Appendix B

An optimisation of the material composition of the functionally graded plate that does not include information
on the specific microstructure is explained here. In this framework, the effective material properties of the
transversely isotropic functionally graded plate are estimated by the various methods listed in Table 3. All the
methods listed are mean-field homogenisation schemes for unidirectional fibrous composite materials.

For the objective function f to be minimised in the optimisation computation, the maximum value of a
local safety factor s proposed by Ootao et al. [17], i.e.

fv) = maés(X), (B1)

%™ p s (x) >0
sy = | & TR (B2)

Geq(X)  p =
UB‘Z(X) if om(x) < 0,

is used from the viewpoint of macroscopic material failure, where oeq and o, are the Mises equivalent stress
and mean normal stress at the macroscale, respectively. For the present model problem, they are expressed as
follows:

_ 022 + 033

5eq = 6222 — 022033 + 0_'323’ Om = 3 s (B3)

Table 3 Mean-field homogenisation schemes used for estimating the effective material properties of FGMs

Material property Adopted scheme

K Hasselman—Johnson® [27] and fuzzy inference[24]

Ex» Halpin—Tsaib [28] and fuzzy inference [24]

Ex3 Linear rule of mixtures

23, V32 Linear rule of mixtures

o Schapery’s transverse CTE model [23] and fuzzy inference [24]

o33 Schapery’s axial CTE model [23] and fuzzy inference [24]
pery y

4 Infinite interfacial conductance is assumed
b A reinforcement parameter of ¢ = 2 has been used
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where 027 and 033 are given by Eq. (23). Moreover, op; and op. are the effective strengths of the functionally
graded plate to tensile and compressive stresses, respectively. After Ootao et al. [17] and Na et al. [26], the
effective strengths are simply estimated by the linear rule of mixtures as

0Bt (X) = 0y VMetal (X) + 0ut Veeramic (X),  0Bc(X) = 0y VMetal (X) + |ouc| Vceramic (X). (B4)

In the implementation, the values of s are calculated at 11 discrete locations with equal intervals in each
layer of the 10-layer system into which the original functionally graded plate is converted, and the maximum
of those values calculated in all the layers is regarded as the value of the objective function f.
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