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This paper focuses on the dynamic thermo-mechanical coupled response of random particulate composite materials.
Both the inertia term and coupling term are considered in the dynamic coupled problem. The formulation of the problem
by a statistical second-order two-scale (SSOTS) analysis method and the algorithm procedure based on the finite-element
difference method are presented. Numerical results of coupled cases are compared with those of uncoupled cases. It
shows that the coupling effects on temperature, thermal flux, displacement, and stresses are very distinct, and the micro-
characteristics of particles affect the coupling effect of the random composites. Furthermore, the coupling effect causes a
lag in the variations of temperature, thermal flux, displacement, and stresses.
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1. Introduction

The classical theory of coupled thermoelasticity based
on Fourier’s law is developed by Biot and others.!"?l' A mu-
tual interaction exists between the displacement and tempera-
ture fields in the fully coupled problem. However, some sim-
plifications in the conventional analysis for the coupled the-
ory of thermoelasticity are usually made. The researchers
often assume that the inertia term may be neglected in the
motion equation and the thermo-mechanical coupling term
may be neglected in the heat conduction equation. How-
ever, for many actual situations in science and engineering,
such as thermal shock problems in nuclear reactors and struc-
tures of space craft, it is necessary to retain the fully cou-
pled theory.!>*! Up to now, extensive research has been per-
formed on the thermo-mechanical problem for various struc-
tures made of single materials with different initial-boundary
conditions. Various methods, including the Laplace transform
and Fourier transform, finite-element (FE) method, finite dif-
ference method, and finite boundary method, have been de-
veloped and applied to solve the thermo-mechanical problems
analytically or numerically.’-"! However, the dynamic cou-
pled thermo-mechanical problem became more complicated
with the appearance of the coupling term and the work done in
the field is relatively limited. Ma er al.!'") analyzed the fully
coupled problem of a thin plate by using the precise time-
integration method. Lee et al.!'!l applied the Laplace trans-
form and the finite difference method to solve the dynamic
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thermo-mechanical problem of an annular fin, and Abd-Alla
et al."*! considered the same problem by using an implicit fi-
nite difference algorithm. Farhat et al.l'?! proposed an un-
conditionally stable staggered procedure for the finite-element
solutions of the dynamic and coupled problem.

In recent years, composite materials have been widely en-
countered in engineering applications owing to their attractive
physical and mechanical properties. In modern industries in-
cluding aerospace, nuclear, and automobile, many composite
structures work under the thermo-mechanical coupling envi-
ronments. Thus, the study on the dynamic thermo-mechanical
coupled problem for composites has practical significance in
designing and optimizing the composite materials. Neverthe-
less, so far, most research on the thermo-mechanical problem
has focused on periodic composites and/or neglected the cou-
pling term to simplify the problem.!'3~!8] Francfort!!”! and
Parnell®”! have given the homogenized procedure for the dy-
Aboudi?!! studied
the dynamic coupled problem for multiphase composites and

namic problem of periodic composite.

some valueable results have been given. However, the results
of the problems for the random composites is unfortunately
limited in number owing to the complexity of the structures

s.[2223] Moreover, to our kon-

of random composite material
wledge, we have not seen such results of the dynamic thermo-
mechanical coupled problem for the random composites, in-
cluding the investigations on the thermo-mechanical coupling

effect.
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Since the random composites have complex and varying
microstructure, in order to capture the local fluctuation behav-
iors of temperature and displacement fields and their deriva-
tives, the mesh size must be very small while employing tradi-
tional finite element method, which leads to tremendous amout
of computer memory and CPU time. Thus, in recent years,
based on the homogenization method,* Cui et al. intro-
duced a higher-order multi-scale method to predict physical
and mechanical behaviors of composites.[>>2’ Based on the
second-order two-scale method, Wan[?8! studied the dynamic
thermo-mechanical problem of periodic composite materials.
After that, Cui et al. estabished the statistical second-order
two-scale analysis method by introducing the random sample
model to predict physical and mechanical properties of ran-

(29-311 Then, Yang et al.!*?! studied the dynamic

dom materials.
coupled thermoelastic problem of the random composites by
the SSOTS method. The feasibility of the method has been
validated in Ref. [32]. Based on previous research, this pa-
per mainly focuses on the thermo-mechanical coupling effect
and the influences of micro-characteristics of particles, includ-
ing their shape, size, spatial distribution, and volume fraction,
on the macroscopic behaviors and coupling effect. The differ-
ence between the coupling effect in microscopic scale and that
in macroscopic scale is also analyzed.

This paper is organized as follows. The SSOTS formu-
lation and related algorithm procedure based on the finite-
element difference method are briefly presented in Sections
2 and 3.

mechanical coupling effect are given. The paper closes with a

In Section 4, numerical results for the thermo-

conclusion in Section 5.

For convenience, Einstein summation convention on re-
peated indices is used and C denotes positive constants
throughout this paper.

2. Setting of problem and SSOTS formulation

2.1. Representation of microscopic configurations of ran-
dom composites

Suppose that the investigated structure €2 is made from
matrix and particles. All the particles are considered as el-
lipsoids or polyhedrons inscribed inside ellipsoids, which are
randomly distributed in the matrix.3%) In this paper, all the el-
lipsoid particles are considered as “one-scale”, which means
all of their long axes satisfy r; < a < rp, where r| and r; give
lower and upper bounds. Then the composite material with
random distribution of particles can be represented as follows.

(i) There exists a constant € (a < € < L), where L is the
size of . Thus the structure 2 can be considered as a set of
cells with € size, as shown in Fig. 1. The probability distribu-
tion of the particles in each cell is the same as each other. Then
the investigated structure has periodically random distribution

of particles, and then can be represented by the probability
distribution of the particles inside a typical cell.

Fig. 1. (color online) (a) A part of investigated structure €2; (b) the
particle distribution of one sample.

(i1) Each random ellipsoid in three-dimensional apace is
defined by nine random parameters, i.e., the coordinates of
the central point (x;,x;,x3), the sizes of the long, middle, and
short axis (a, b, c), and three orientation parameters of the long
and middle axis (6, x,,Oux; Oy x,)- If there are I ellipsoids
in a cell €Y¥, Y* represents a normalized cell, then a sample of
particle distribution is defined as follows:

S
o = (x]l7~x217'x3]aal7bl7cl76wqle76a)qlaebxllea"'7

X17,X270,X31, a1, b1, €1, Oaxyxo1, Oy 15 Oy 1) -
Therefore, the structure Q is logically composed of £-size

cells subjected to the identical probability distribution model
‘P and

Q=

Cs

(%,2€Z) g(YS + Z) )

s=1
where s = 1,2,3,..., denotes the index of samples and Z is the

integer set. For the whole 2, we define
o={0'lxcey*CcQ}.

Thus, the material parameters of the random composite mate-
rials used in the following dynamic thermo-mechanical cou-
pled problem (1) can be periodically expressed as A®(x, ®),
and for a sample @*, the parameters A% (x, ®*) can be defined
as follows:

1
Alv X e U €i,
A (x, 0°) = =
A%, xeeYs— e,
i=1

where LIJ e¢; denotes the domain of the / ellipsoids, and Al and
i=1
A? are constants satisfying |max{A1,A2}| <C.

In order to avoid the arguments on the mathematical prop-
erties of investigated functions below, we suppose that the ran-
dom material parameters A% (x, ®*) are bounded measurable
functions of the random variable ®®, and their mathematical

expectations exist.
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2.2. SSOTS formulation

Based on previous representation, the mixed initial-
boundary value problem of the dynamic thermo-mechanical
coupled behavior can be expressed as follows:

€
P% (1, )¢ (x, ) L0 @)

TR (v )2 <a”fg&t’“””)

ot 8xj
d (., T (x,w,1)\
o (kif(’“’)ax, =h, in Qx(0,1),
%uf (x,w,t) 0 dut (x,m,1)
€ 1 ? ? _ € k 9 )
P @) 5 " 5y, (Cfﬂd( 000
5 (x, @) (Tg(x,a),t)—T)) =fi, inQx(0,¢)
T¢(x,w,t)=T, onIyx(0,1),
- 1
uf(x,0,t) =14, onl,x(0,1), M)
. aTe
n,-kij(x,a))T—q, on I, x (0,1),
J
duf (x, w,1)

duf _
a—ut(x,a),O) =u, inQ,

(I NI =0, LN =0, [;Ul, = UL, =0Q),

where i, j,k,l = 1,2,3; T?(x,t) and u(x,t) denote the tem-
perature and displacement; p€(x, ®) and c?(x, @) are the mass
density and specific heat; Bf(x, @), Cfy,(x, @), and kf;(x, ®)
are the thermal modulus, elastic tensor, and thermal conductiv-
ity, respectively; h(x,z) and f;(x,r) are the internal heat source
and the body force; T is the prescribed temperature on the
boundary I7, 4 is the prescribed displacements on the bound-
ary I;; g is the heat flux prescribed normal to the boundary I;
6; is the prescribed tractions on the boundary I;, n; and n; are
the normal direction cosine of I; and I;, respectively; T, a,
and u are the initial temperature, displacement, and velocity
field, respectively.

Let y = x/e € Y denotes the local coordinates on the
normalized cell Y. Then the material parameters in Y can
be expressed as A%(x,®) = A(y,w). Since T¢(x,m,t) and
uf(x, @,1) of problem (1) depend on both the global behaviors
and random microscopic configurations, they can be expressed
as T¢(x,w,t) = T (x,y,0,t) and u® (x, ®,¢) = u(x,y, ®,1).

Since the investigated structure is periodically random,
inspired by Refs. [32] and [28] and in the constructive way,
it is assumed that 7¢(x, ®,7) and u?(x, ®,t) can be expanded
into the series of the following forms in two-scale variables x,

y:

T¢(x,m,1)

axal

92Ty (x,1)

2 T

+€ <Moc| (03 (y’ (D) Qxal 8Xa2
at

= TO(xat) +8M(11 (yv w)

82u0a1 (x,1)

+Rocloc2(Ya w) 0tox
29}

+Q2(y7 (D) ) +83zl(x7y7 (D), (2)

uf(x, 0,?)
d .t
= wugp(x,t) +8<Na1 (y, a))%‘f)
1

R0 (1xn)-T) )

2 d*ug(x,1)
t+e <Na1az(ya (D)m
d*ug(x,1)

or?
where To(x,t) and ug(x,t) only reflect the macroscopic be-
haviors, and are called the homogenized solutions; N, (y, w),
Nojo,(y,®), and F>(y,w) are matrix-valued functions;
Py(y, w) and Py, (y, w) are vector-valued functions defined on
the unit cell Y, which involve the microstructural information.
They will be determined below.

Due toy =x/€ € Y, respecting the chain rule as d/dx; —
d/dx;+ (1/€) x (d/dy;), we substitute Egs. (2) and (3) into
Eq. (1) and the match terms of the same order of &, then a
series of equations are obtained if the coefficients of &/(I =
—1,0,1,...,) from both sides are required to equal each other.

From the coefficients of £~!, for any sample ®°, the
following local cell problems defined on Y* for M, (y, @),
N, (y,®), and Py(y, ®) are constructed:

_d ([, o OMg, (v, 0%)
aiyi (klj(va ) ay]

J s s )
:aiyi(kial(.%w‘))’ er,

Mg, (y,0°) =0, yedYs,

0 0Ny km(y,af))
P Ci' 7w5 I A S R
8y/- < sz(y ) Iy,

_ 9 s S )
_Tw(cljmtxl(yaw))a )’EY;

Noc.m()@ wS) = Oa

dTy(x,t
_Pocl (ya (D)%
1

*FZ(yaw) > +63Z2(x,y,a)), (3)

y € dYs,
J aPOk()’»ws)>
- Ci' 7605 M 7
d
= ij 7ws ) eysv
B,y
P(y,0) =0, years.

Inspired by Ref. [28] and from Mg, (y, ®), Ng, (v, ®),
and Py(y,®), for any sample ®° the homogenization spe-
cific heat capacity S(®*), thermal conductivity &; (%), ther-
mal modulus f; (%), mass density p(®*), and elasticity ten-
sor C'ijkl(ws) are defined as

i . (Po0)ctr )

(6)

S(w) =
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- 8Pl NOX
7By 0,09 22
J

From the coefficients of €°, for any sample ®®, the fol-

lowing local cell problems defined on Y* for My, q, (y, @),

an()@ ws)) dy Ralaz(y7 0)), QZ(y7w)a Noclocz(y7 w)’ FZ(y7 a))’ and P(X] (y7 (D)

A 1
(@) = i [ (k000) k0 2

are constructed:

A 1 d My, o, (y, ©°)
.. ws — ' / . ’ws v k ws arop\)>»
Blj( ) |Y5| bs (ﬁlj(y ) ayi ( z/()’, )783)]'
. ON i (y, 0%) d . :
+Bkl(y7 ws)]al) dya = T(ki(xz(yv a)“)Mal (y7 w‘))
Vi Vi (10)
. 1 . a1‘406 (ya a)s)
Awszi ,(J)bd, _’_k,’ws 1
p( ) |Y§|/Y5p(y ) y 0621( ) ayj
Coal@) = . (C,-jmy, o) Hhano 00 0°) — ke, yE€ T,
|Y | e MO(]OQ(.V? wS) = Oa y € aYS’
JdN;, , 0°
+Cijmay (3, COS)M dy. ) d L ORu o, (v, @)
e, —— ki;( O)A)Wi’
ayl 17) y’ &y]
From the above suppositions, Theorem 2.1 in Ref. [29] and [~ !
Lemma 3.2 in Ref. [30], it follows that &;;(®*) and C;j;(@°) =T <Ba1az = Bayo, (v, ©%) (11
are bounded functions with resp(:,ct to Athe random variable. ) o INg,ia, (v, °) -
Similarly, it is easy to prove that S(@*®)f;;(®w*) and p(w*) are —Bij(», ") dy; » YET
also bounded. Then from the suppositions, the mathematical Ry, (0, @°) =0, y€aY?,
expectations of those functions exist. Therefore, by taking r
S
samples (®*, s = 1,2,...,r) and from Kolmogorov’s classical ,i (kij(y, o°) 90 (y, @ )>
strong law of large numbers, the expected homogenized pa- 9yi dyj
rameters can be calculated b —TB:: IPoi(y, ")
y =TBij(y, ®%) dy; (12)
roo. LN —
L B L, kij(@) P @)cy, 0") S, ye ¥,
. s= . S§=
§=lim =——, ki = lim ———, O (,®") =0, yeaY”,
r A r
. g’ Bij(ws) g p(wg) _i C ( ws) aNO{] azkm(y7 ws)
B;; = lim = , p=1im = , oy, \ kY, 0
U r e r r—yoo r )(;1 Yi
.o ,
)y Cijkl((x)s) = g (Cijkocz (y, ws)Nalkm(ya wy))
~ - J
Cin = lim =1 8) ON g (3, @° (13)
e r +Cioykj(, @*) azgy(y)
. . . J
Tl?en, we can define the homogenized equations associ- +Ciaymoy (0, 0°) — Ciagmays ¥ € Y
ated with problem (1) as follows: . s
Nalazm(y’w):07 yan )
~0To(x,t) = %ugi(x,t) d OF2m (3, ®°)
S———+Tp;; ’ 2 Cnly. @) 2\ P)
+ ﬁt} ataxj ayj <Cljkl(%w ) Ay, ) "
d [~ JdTo(x,t - -
—o (k,, g(’“’ )> =h, inQx(0,1), = O (pfp(y,ws)), yE Y,
i * Fo(y,0°) =0, yeaY*,
_%upi(x,t) 9 c Aup(x,1)
Piatz ~ 9x, \ bk “owm d c o Pk (y, ®°)
7 oy, \ Gk (v, %) 0w
~ N . _ Yj yi
—ﬁij (To(x,t)—T)> =fi, in2x(0,1), p)
. . =5y (Bij (v, @* )Mo, (v, @)
To(x,7) =T, on I7 x(0,7), 9) Vi
. - d (15)
ug(x,t) =@, on I, x(0,1), +871 (Citkoy (v, @°)Poi (3, ©%))
~ dTp(x,1) -
=g I, (0,1 ~ 9Pok (v, @° 2
njKij an g, omn l;X ( ; )a +Cioc1kl(y7 ws)Oka(yl) +ﬁia1 (y’ (J)S) _ ﬁialv ye YS,
~ 9 ~ _ _ , .
n; <Cijkl8b;olk_ﬁij(T0_T)) =06;, on I;x(0,1), Poi(y,0°) =0, yeadY’.
To(x,0) =T, wuo(x,0)=a Remark 2.1 Since the distribution of particles in all cells
au(; ’ ’ ’ is random, the particle distributions in two adjacent cells are
7(%0) =wu, in Q. different. Therefore, the configuration of the cells cannot be
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extended periodically, and the periodicity conditions cannot be
used here to construct cell problems (4)—(6) and (10)—(15). In
order to ensure the existence, uniqueness and the whole con-
tinuity of the solution, the zero-boundary conditions are im-
posed on the cell problems (4)—(6) and (10)—(15). Moreover,
in problem (14), the notation J,,; is the Kronecker delta func-
tion.

In practical computation of engineering, only the sum
of fore three terms in Egs. (2) and (3) are evaluated. From
Egs. (2) and (3), the SSOTS formulas of thermal flux densities
and strain tensor are obtained as

dT%(x,0,t
g5 3,0, = ki) 7O, (16)
J

1 /dué(x,0,t) Jut(x,m,t
glfk(xaw>t) = 5 ( hgxk ) + k(aXh )) . (17)

Then the stress tensor is obtained according to Hooke’s law as

Giej(xawat) = ijhk(yaw)glfk(x7w7t)_Bij(y7w)
x (T¢(x,0,1)—T). (18)

Remark 2.2 In the problem (1), the coupling term, i.e.,
the effect of temperature strain is considered. Equations (2)
and (3) can be regarded as coupled solutions. In order to study
the importance of the coupling term and its influence on the
temperatures, displacements, heat flux densities and stresses,
the uncoupled SSOTS formulation can be obtained in the same
way. In the uncoupled case, the homogenized thermal moduli
becomes

Sl mS) — 1 S S
S(@) = 5y [ pLr0V)elr0)dy 19)

According to the Kolmogorov’s classical strong law of large
numbers, the expected homogenized thermal moduli can be
obtained. The first equation of homogenized problem (9)
changes into Eq. (15) with a new expected homogenized ther-
mal moduli

g aTo(x,l‘) d <%U( )aTo(x,l‘)

_ x)— 7
ax]'

Based on the formal deriving process of the SSOTS method,
the cell problem (12) becomes
J ( £ 902(y, ws)>
| ki ’wS =N 7
2y, \fi (», ©°) 9,
=—p(0°)c(y, @) +S(x), yer,
O:(y,0%) =0, yedYs.

The uncoupled solution of temperatures is obtained as

2

T¢(x,0,1)
ATy (x,1)
dxg,

2
I Lo, w)aTog(f’t)> . (22)

Oxq, X,

= To(x,1) + &M, (v, ©)

+82 <Mal o (.x, (D)

3. Finite-element difference implementation of
the SSOTS method

The computer simulation algorithm developed in
Ref. [33] is used to generate a sample with random particles,
and the FE meshes applied in this study are those of Ref. [34].
The homogenization problem (9) is dynamic and strongly cou-
pled by hyperbolic and parabolic equations. Hence, the spatial
region £ is divided by using the FE meshes first, then the tem-
poral domain (0,7 ) is divided by using the finite difference.
The heat equation is integrated over time using the backward
difference scheme,*>! and the Newmark difference scheme!?”!
is used for the dynamical equation. Now the algorithm proce-
dure for predicting the dynamic thermo-mechanical coupled
response by the SSOTS method is presented as follows.

(i) Generate a sample cell according to the random proba-
bility distribution model P and determine the material param-
eters mentioned in problem (1). Then generate its FE meshes.

(i) Solve problems (4)—(6) to obtain My, (y, @),
Ny, (y,®%), and Py(y, ®®) by the finite-element method, and
then calculate the homogenized parameters S(@°), k;j(®®),
ﬁ,-j(a)s), p(@*), and C;jy(@*) corresponding to sample ®°
through formula (7), respectively.

(iii) Repeat the steps i and ii for r samples @° (s =
1,2,...,r). The expected homogenized parameters §’ Ei s Bi o
p, and C ;jki are evaluated by formula (8).

(iv) With the expected homogenized parameters obtained
by step iii, solve the homogenization problem (9) by using the
finite-element difference method to obtain the homogenization
solutions Ty(x,#) and wg(x, 7).

(v) For the same sample ®°, evaluate My, q, (y, ®%),
Roya 0, 0%), Oa(y,0%), N o, %), FP(yw), and
Py, (y,w) by solving the problems (10)-(15), and using the
same FE meshes as those in step ii.

(vi) Evaluate the derivatives of the homogenized solutions
To(x,t) and ug(x,) with respect to spatial variables by the av-
erage technique on relative elements!?¢! and the derivatives of
those with respect to temporal variable by using the difference
schemes in step iv.

(vii) The temperature and displacement distributions cor-
responding to the sample @* are evaluated from formulas (2)
and (3). Then the thermal flux densities, strain and stress ten-
sor are calculated through Eqgs. (11)—(13), respectively.

4. Results and discussion

In this section, the dynamic thermo-mechanical response
for a random particulate composite plate subjected to ther-
mal shock is studied. We analyze the thermo-mechanical
coupling effect and investigate the influences of the micro-

characteristics of particles, including their shape, size, spatial
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distribution, and volume fraction, on the macroscopic behav-
iors and thermo-mechanical coupling effect by using the soft-
ware of SSOTS algorithm for the dynamic thermo-mechanical
coupled problem developed by the authors.

For convenience, five different cell models with random
distribution of particles are denoted as, Model 1:10% of uni-
formly distributed spherical particles; Model 2:20% of uni-
formly distributed spherical particles; Model 3:10% of nor-
mally distributed spherical particles around the centric point of
a cell; Model 4:10% of uniformly distributed ellipsoidal par-
ticles whose long axes is about three times the middle axes
and short axes, and which are subjected to normal distribu-
tion along the x3 axis; Model 5:10% of uniformly distributed
spherical particles whose diameter is 1.5 times those in Model
1. Furthermore, the radii are taken as 0.03 for the spherical
particles of Models 1-3. The size of the ellipsoids’ long axes
in Model 4 is 0.09.

In Fig. 2, a composite plate made of ZrO; matrix rein-
forced by randomly distributed Ti-6Al-4V particles is shown.
The entire plate has a height of 3.0, width of 8.0, and length
of 10.0. In the following numerical computation, the material
properties for the constituent materials are given in Table 1.
The plate is clamped on its two-side surfaces in the x, direc-
tion. The temperature at the bottom and top surfaces are kept
constant at 300 K and 1000 K, respectively. The initial tem-
perature of the plate is 300 K.

Table 1. Material properties of Ti-6Al-4V and ZrO,.

Property Ti-6A1-4V 71O,
Young modulus (E)/GPa 66.2 117.0
Poisson (v) 0.321 0.333
Thermal modulus (B)/Pa-K~! 1.90464x10°  2.49063x 10°
Thermal conductivity (ky/'W-mK~! 18.1 2.036
Specific heat (c)/J-kgK ™! 808.3 615.6
Density (p)/kg-m~3 4.41x103 5.6x10°
|
]
. e m e e
. [ _ . /
,J_’ gl /
) £
z W- -

Fig. 2. Geometrical shape and coordinate system of the composite plate.

4.1. Macroscopic behaviors

Figure 3 shows the variation of the homogenized temper-
ature and transverse displacement in the height direction at
varying times until the composite plate reaches a steady state.
The time variation of the homogenized temperature and trans-
verse displacement at the point (4.0, 8.0, 2.8) for different vol-
ume fractions of Ti-6Al-4V particles is shown in Fig. 4. It is
observed that the temperature increases more gradually with
the increase in the volume fraction of particles. This is due
to the fact that more Ti-6Al-4V particles means bigger effec-
tive thermal conductivity. The transverse displacement at the
point increases rapidly to its maximum value at the beginning
of thermal shocking and decreases to its steady state value.
Moreover, the maximum value increases as the volume frac-
tion of particles increases. Figure 5 illustrates the variation of
the homogenized temperature and transverse displacement in
the height direction for the plate composed of Models 1 and
3. It is clear that the temperature distribution with Model 3 is
lower than that with Model 1. The reason is that most of par-
ticles in Model 3 are located around the center of the cell and
the thermal conductivity of matrix is very low, which lead to
the formation of thermal insulation. The distribution of trans-
verse displacement with Model 1 is found to be lower than that
with Model 3.

1000
~t=0.2 (a) /]
900} <t =0.5 /
—t=1.0 /
800f - +=13.0 / E
ot =5.0 /
¢ 7007 460 /
™~
& 600}
500t
4001
. —
3003 0.1 0.2 0.3
T3

’11,3/1043 H

Z3

Fig. 3. Variation of (a) the homogenized temperature and (b) transverse
displacement in the height direction.
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Fig. 4. (color online) Variation of (a) the homogenized temperature and
(b) transverse displacement at the point (4.0, 8.0, 2.8) for different vol-
ume fractions of Ti-6Al-4V particles.
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Fig. 5. (color online) Variation of (a) the homogenized temperature and (b)
transverse displacement in the height direction for different cell models.

4.2. Thermo-mechanical coupling effect

Figure 6 shows the homogenized temperature and trans-
verse displacement variations of coupled and uncoupled cases

at the point (4.0, 8.0, 2.8). The variations of the coupled and
uncoupled homogenized temperature and transverse displace-
ment across the height direction are shown in Fig. 7. Figure 8
depicts the slices of the coupled and uncoupled homogenized
temperature at time ¢ = 0.8. The distributions of coupled and
uncoupled SSOTS thermal flux densities and stresses in the
cell located near the bottom of the plate at time ¢ = 0.8 and
t = 10.0 are presented in Figs. 9 and 10, respectively. It is ob-
served from Figs. 610 that the difference between the coupled
and uncoupled solutions is distinct and the coupling effect is
missing with the lapse of time. It is also seen that the cou-
pling effect decreases the temperature (Figs. 6(a), 7(a), and 8)
and delays the propagation of thermal flux (Figs. 9(a), 9(b),
10(a), and 10(b)). The physical meaning of this phenomenon
is that the coupling effect acts like a damper inside the com-
posites, reduces the rate of heat propagation, and thus slows
down the temperature rise. Figure 6(b) demonstrates that the
coupling effect decreases the transverse displacement before it
reaches the maximum value and then increases the transverse
displacement after reaching the maximum value. In a word,
the coupling effect causes a lag in the variations of tempera-
ture, thermal flux, displacement, and stresses. Moreover, we
can obtain from Figs. 8-10 that the coupling effect in micro-
scopic scale is relatively more distinct than that in macroscopic

scale.
1000
900 | —coupled
——uncoupled
800t 1
<
[ ‘
700 H 1
600 f 1
5004 2 4 6 8 10
Time/s
_2.0 (b) T T T T
—2.2¢ — coupled
—— uncoupled
T o4t 1
S
i
3 —2.67 1
3
—2.8} ! 1
=30 2 4 6 8 10
Time/s

Fig. 6. (color online) Variation of the coupled and uncoupled solutions
of (a) homogenized temperature and (b) transverse displacement at the
point (4.0, 8.0, 2.8).
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Fig. 7. (color online) Variation of the coupled (Cou) and uncoupled
(Unc) solutions of (a) homogenized temperature and (b) transverse dis-

placement in the height direction.
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Fig. 8. (color online) Distributions of (a) coupled and (b) uncoupled
homogenized temperature at time t = 0.8.
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Fig. 9. (color online) Distributions of (a) coupled and (b) uncoupled thermal flux density and (c) coupled and (d) uncoupled stresses
in the cell located near the bottom of the plate at time r = 0.8.
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Fig. 10. (color online) Distributions of (a) coupled and (b) uncoupled thermal flux density and (c) coupled and (d) uncoupled stresses
in the cell located near the bottom of the plate at time r = 10.0.
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Fig. 11. The coupling effect of temperature and thermal flux density at the point (a) (4.0, 8.0, 2.5), (b) (4.0, 8.0, 1.5), (¢) (4.0, 8.0,
1.0), and (d) (4.0, 8.0, 0.5).
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In order to measure the distinction of the coupling effect,
we define the notation A as follows:

A= Duncoupled - Dcoupled

Dcoupled

where D denotes the homogenized temperature, homogenized
transverse displacement, or SSOTS solutions. Figure 11 shows
the variations of the values of A for the SSOTS solutions of
temperature and thermal flux density at the points (4.0, 8.0,
2.5), (4.0, 8.0, 1.5), (4.0, 8.0, 1.0), and (4.0, 8.0, 0.5), respec-
tively. Figure 12 shows the distributions of values of A for

Temperature

263172
245627
2.28083
210538
1.92993
1.75448
1.57903
1.40358
1.22814
1.05269
0.877241
0.701792
0.526344
0.350896
0.175448

those SSOTS solutions in the cell located near the top of the
plate at time r = 0.8. It is easy to see that the coupling effect on
the thermal flux density is much more distinct than that on the
temperature. Moreover, figure 11 demonstrates that the influ-
ence of the coupling effect increases to its maximum value and
then decreases gradually until it is missing. Figures 13 and 14
depcit the influences of cell models, including Models 1-4, on
the values of A for homogenized temperature and transverse
displacement at different locations. The results indicate that
the influence of the micro-structures on the coupling effect is
distinct.
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Fig. 12. (color online) Coupling effect of (a) the temperature and (b) thermal flux density in the cell located near the top of the plate

at time t = 0.8.
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Fig. 13. (color online) Coupling effect of (a) the homogenized temperature and (b) transverse displacement in the height direction for

different cell models at time ¢ = 0.8.
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Fig. 14. (color online) Coupling effect of homogenized temperature and transverse displacement at the point (4.0, 8.0, 2.8) (a), (b),
(4.0, 8.0, 1.6) (c), (d), and (4.0, 8.0, 0.28) (e), (f) for different cell models.

5. Conclusions

In this paper, we studied the dynamic thermo-mechanical
coupled response of random particulate composites subjected
to thermal shock. The coupled and uncoupled solutions of
the temperature, thermal flux, displacement and stresses are
obtained by using the SSOTS analysis method. We find that
the coupling effects on the temperature, thermal flux, displace-
ment, and stress are very distinct, which means that the cou-
pling effect is significant in the dynamic thermo-mechanical
response of random composites. Furthermore, the coupling
effect in microscopic scale is found to be relatively more dis-
tinct than that in macroscopic scale and the coupling effect
on the thermal flux is relatively much more distinct than that
on the temperature in microscopic scale, which demonstrates
that the micro-behaviors inside the composite material can be
captured exactly by the SSOTS method. Besides, the results
indicate that the coupling effect causes a lag in the variations
of temperature, thermal flux, displacement, and stresses, and
the micro-characteristics of particles have a great influence on
the macroscopic behaviors and the coupling effect. As a result,
the SSOTS analysis method can be used to investigate the dy-
namic thermo-mechanical coupled response, and is helpful to
the design and optimization of random particulate composite

materials.
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