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Abstract: Investigated is a novel model in the photo-thermoelasticity theory that takes into account
the impact of porosity and initial stress. A generalized photo-thermoelastic that is initially stressed
and has voids is taken into consideration for the general plane strain problem. The solutions for
the fundamental variables in two dimensions are obtained using the Laplace-Fourier transforms
method in two dimensions (2D). Physical fields such as temperature, carrier concentration, normal
displacement, and change in volume fraction field can all be solved analytically. The plasma of
electrons, thermal load, and mechanical boundary conditions at the porosity medium’s free surface
are used to show certain illustrations. The context of the Laplace-Fourier transformation inversion
operations yields complete solutions. To complete the numerical simulation and compare several
thermal memories under the influence of the porosity parameters, silicon (5i), a semiconductor
porosity material, is used. The main physical variables are described and graphically displayed with

the new parameters.

Keywords: initial stress; semiconductor; photo-thermoelasticity; silicon; porosity; waves

1. Introduction

Temperature variations cause physical changes in some materials. These materials
include semiconductors because of the significant temperature-related changes in their
properties, particularly when light beams impact their surface. The heating process directly
causes the inner and outer atoms to lose some electrons, and these excited electrons swiftly
move toward the semiconductor surface. As a result, the material’s resistance changes since
semiconductors change in resistance as temperature rises, enabling the flow of the electric
current. The thermal effect, which is carried on by internal medium particle vibrations and
collisions, causes the material to deform. Thermal (thermoelastic) deformation (TED) is
the term for this deformation. The second is the electronic deformation (ED) generated by
electron transport processes brought on by the surface’s absorption of light (photo) energy
and the associated diffusion and transfer of electrons. In this case, the photothermal (PT)
theory is applied and the thermoelasticity theory is taken into account. In this case, as a
result of the internal movements of electrons and collisions between particles, the material
becomes porous. The double porosity model depicts a double porous structure with macro
and microporosity, which are associated with pores and fissures, respectively.

Lord-Shulman [1] put out the extended theory of thermoelasticity, which assumes
that a thermoelastic process has one relaxation time. One of the most significant materials
whose physical characteristics are examined is semiconductor material. Unlike copper,
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which is a good electrical conductor, these materials are not effective. Additionally, unlike
glass, they do not act as insulators. With rising temperatures, these materials’ resistance
steadily declines. As a result, they improve as an electrical conductor. Modern industries
with its applications, especially those that rely on electrical circuits such as transistors, place
a high value on semiconductor materials.

Internal physical characteristics and internal structure deformations of semiconductor
materials change at high temperatures. When white light or laser beams touch semiconduc-
tor material, photothermal phenomena develop [2]. Thermal, elastic, and plasma waves
are examined using a sensitive study according to the spectroscopy of photoacoustic pro-
cesses of solid semiconductor material [3]. During thermal and electronic deformation, the
photothermal theory was investigated in two dimensions (2D) [4]. Physical constants are
examined using optical excitation, thermoselasticity theories, and photoacoustic analysis
spectroscopy for a solid semiconductor medium [5,6]. With the aid of photothermal excita-
tion techniques, according to the thermoelasticity models, with dual phase-lags, thermal
memories are applied to the semiconductor medium [7,8]. Hosseini et al. [9,10] studied
Moore-Gibson-Thompson and Green-Naghdi theories subjected to plasma shock loading
when the plasma waves in the photo-thermoelastic semiconductor medium are considered.

The simplest generalization of the conventional theory of elasticity is the theory of
the elastic solid with voids. The void volume is one of the kinematic variables in this
theory, which deals with elastic materials made up of a distribution of tiny porous (voids).
Numerous engineering disciplines, including the petroleum industry, material science, and
biology, use porous materials. An elastic material with vacancies has a nonlinear theory
developed by Nunziato and Cowin [11]. The elastic linear materials with vacancies are the
subject of a hypothesis proposed by Cowin and Nunziato [12]. Dhaliwal and Wang [13]
investigated the sphere of effect theorem in the linear theory of elastic materials with
vacancies. The double porosity model has been extensively studied by several authors,
who then gave a more thorough and cohesive presentation of the flow and deformation
theory in double porous media [14,15]. Ainouz [16] investigated the homogenized double
porosity models for poroelastic media with an interfacial flow barrier. Plane waves and
boundary value concerns in the theory of elasticity for solids with double porosity were
examined by Svanadze [17]. The stability and distinctiveness of double porosity elasticity
were researched by Straughan [18].

Initial stresses are created in the medium for a variety of reasons, including tempera-
ture differences, the quenching process, variances in gravity, and more. The planet should
experience significant initial stresses. Isotropic linear thermoelasticity with hydrostatic
starting load was studied by Montanaro [19]. In a generalized thermoelastic media with
hydrostatic initial stress that was undergoing ramp-type heating and loading, Ailawalia
and Singh [20] investigated the influence of rotation. A generalized thermoelastic half-
space with voids that was initially strained was the subject of an investigation by Abbas
and Kumar [21]. A generalized thermoelastic infinite media with voids subjected to an
instantaneous heat source with fractional derivative heat transfer was explored by Bachher
et al. [22,23] in their investigation of the fractional-order thermoelastic interactions in an
infinite void material generated by distributed time-dependent heat sources.

The generalized photo-thermoelastic initially stressed semiconductor medium with
voids, according to applied mechanical force, is the focus of the current investigation.
According to the exciting semiconductor material, the effect of holes is neglected. For a
homogeneous, isotropic, photo-thermoelastic media with voids, the distributions of carrier
concentration, normal displacement, temperature, and the change in volume fraction field
have been calculated using the Laplace-Fourier transform method. Two-dimensional
analysis in the xz-plane is used to study the problem. Graphical representations are used
for the physical quantities.
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2. Mathematical Model and Basic Equations

Many generalized thermoelasticity models are built by Eringen [24], Green and Lind-
say [25], and Lord and Shulman [26]. In this problem, the effects of double porosity with
initial stress on a linear isotropic generalized photo-thermoelastic solid semiconductor
medium are investigated. The semiconductor medium is represented in Cartesian coordi-
nates (¥, y, z), when z-axis is pointing vertically down into the medium and their origin
is on the surface at y = 0. The photothermal mechanism, which results in the production
of free carriers (plasma wave propagation), is caused by thermal waves on the medium’s
outer surface [27]. The plasma-thermal-elastic wave overlap process in this instance arises
in the setting of a photothermal excitation [1]. In the framework of photothermal theory,
under the influence of double porosity with starting stress in two dimensions (x, z), the
constitutive equations and field equations in the absence of body forces are given according
to the following consideration:

(i) According to [25,28], during the photo-excited process of semiconductor elastic
medium, there is a link between thermal waves and plasma waves:

ON , N
= =DEVIN = — +xT. 1)

The quantity « = %LTO symbolizes the general case of the thermal activation coupling
parameter.

(ii) According to the photo-thermoelastic theory, the equations of motion for semiconduc-
tor materials under the influence of double porosity and initial stress can be expressed
as follows [29]:

A+u+B)V(V- )+ (k+p— BV + A,V } o

(1 +0,2)VT - 6,VN = pul

where the term A,V ¢ describes the effect of porosity, the term §(1 + Uo%)VT ex-
presses the temperature effect, §, VN shows the plasma (carrier density) influence
and the expression (A + u + £)V(V - ﬁ) +(k+u— %)Vzﬁ describes the mechanical
(stress force) force influence with initial stress.

(iii) The photo-thermoelastic theory’s heat conduction equation for semiconductor media
under the influence of twofold porosity and initial stress can be written as [30]:

KV2T — pCg(ny + TU%)T — 4To(ng + nUTO%)é + f—iN = 3T, ¢. 3)
(iv) The double porosity model provides a novel approach to the investigation of sig-
nificant mechanical and civil design problems. When conducting a nondestructive
evaluation (NDE) of composite materials and structures, the phenomenon of coex-
istence of porosity and thermoelasticity is crucial. These substances are frequently
discovered in the earth’s reservoir and crustal rocks. According to the coupling nature
of the thermal waves and the porous potentials, the porous (voids) equation can be
given as [12]:
aV2p — Aoe — 619 — wop + 4T = pp@. 4)
where according to the pores, the volume fraction field is ¢.

The constitutive relations for the generalized photo-thermoelastic theory in tensor
form with two relaxation times under the influence of double porosity and initial stress can
be expressed as [31]:
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01 = Attyyr G + (k + p)ugi + puir+ } )
Ao@dit — pbir — (1 + vgat)T(slI + (3/\ + 2“1/1)11 Né;;
The relationship between the components of displacement and strain can be expressed
as:
ou Jdw

where 4 = (3A + 2yt + k)a; is parameter dependent on the mechanical source and photo-
thermal properties. On the other hand, «; is the linear thermal expansion coefficient. The

—
displacement vector u can be analyzed in 2D according to the xz-plane, which can be
expressed as:

ﬁ:(u,O,w);u:u(x,z,t),w:w(x,z,t). (7)

The 2D equivalent of the governing field Equation (2) through (5) is:

(A o+ 5) (e +wz) + (k= 5) (e + 10z2) + } .
/\*_’Y(l‘f'voat) (Snax = PUtt
A+ p+5) (uaz + w22) + (k4 p = 5) (Wrx + w2z)+ } )
Ao = 4(1+002) 3L — 6, = pwyy )
2 2 S
KI§E + 5] = pCe(m + T05) 5 — 1 To(m + 0T 57) 5+ 10)
ST
2 9 J .
(@V" —pp=s —Womr —61)¢ = Aoe +9T =0, (11)
Ju ow 0
Oxx = (A+k+2y)a— + Aa— -p—7Q1 + 005, )T 4+ Ao + (BA +2u)dyN,  (12)
ou ow . d
0z = (A +k+2y)g + Aa —-p—901+ voa)T+/\o(p+ (BA+2u)d,N,  (13)
ow u
xzz(k—i—pl)ax + yaz (14)
u Jw
Ozx = (k+}l) + "ng (15)

The thermal memory (v,,7,) and (1, , n7) (are constants) can be selected following the
photo-thermoelectricity theories (classical coupled theory (CD), Lord and Shulman (LS),
and Green and Lindsay (GL) as follows:

The CD theory whenn; =1, ny =1 =9, = 0.

The LS theory whenn; =n, =1, v, =0, 7, > 0.

The GL theory whenny =1, n, =0, v, > 7, > 0.

The following non-dimension variables can be used to obtain main fields in the
dimensionless form:



Crystals 2022, 12, 1603 50f17
~ k) — Crw* < —
N = Zyi/\N, X; = &xi, U PT;Y u;, t = w*t, T, = w*T,,
T — 4 CeC3 _
Uy =w vo,T—To, ‘TZJZT;]”“’* pﬁz,r):ﬁ%, (16)

Equation (16), When used as the primary governing equation (omitting dashes), results

in:
0
(Vz —€e1 — EZE)N +eT =0,
Uy = ﬂl(”xx + uzz) + ﬂz(uxx + wxz)+ }
oT oN [’
— (149, at) — 45,
Wi =M (wxx + wzz) + az(wzz + uxz)+ }
oT oN [’
a3 —(1+wv, Bt) —a45;
oT de @
V2T — a5(ny + To~ )= — ag (11 + 10T, ayN = ag—-,
5(m + Tog) 5p — a(m + ""at)at+ 7 8o
(Vz - ag)(p —ajpe +an1T =0.
where,
. a _ _ xkC3T,6,
gl_W’Q_W'%_W’
ap = (k+pu—b1)by, ap = (A+p—b1)by, by = ﬁ
_ 1 e (A +2u) pCEC2
bz - @/ az = ¢W*27%o'?’ ay = To7 , a5 = Ko™ 7
92T, Eo(A+2 yCA
ag = ‘l;YKw*/ ay = gT(KZ(SnH)/ ag = lpl*gK’ a1y = &3,
G 82 AoTod 42T,
ag = %(plpﬁ w* at + w*2) a0 = D(PC,);#’ b - 11[]’

_ _img _ 2
M4 = ;g M1 =4q° T €&+ &8, a13 = u1+a2(¢1 a1 +5%),

—a3 _ 1+4ves _ 2112 s — g2
M5 = ey M6 = aqayr M8 = 7 T4 ey M9 =15,

- a i - a
ay =g, an = (1 +vos), a3 = iq3, ags = q* + ass(n1 + ws),

a5 = ﬂ65(711 + 1o TS ) a6 = iqaps, Ay7 = a7, Axg = ags,

_ 2 _ .
axg = q°~ +ag, Az = Ay, 432 = 14410

3. A solution to the Problem

Laplace transform for function [](x, z, ) with s(parameter) is expressed as:

L[] [(x,2t)] /H x,z,t)e”stdt = H(x,z,s).

The formula for the exponential Fourier transform with parameter g is:

i 1 i —iqz
f(x,q,s) = \/EZO f(x,z,5)e”"Pdz.

(17)

(18)

(19)

(20)

(21)

(22)

(23)

(24)
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Applying Laplace-Fourier double transform into Equations (17)—(21), yields:

DN = ay N — apT, (25)
D% = a3l + a14DW — a15D(p + a16DT + a17DN (26)
D*W = a1g% + a19Dil + 401§ — anT — axN, (27)
DT = ay, T + a2sDii — aps® — agy N + a9, (28)
D*$ = (20 + a31 Dii — azp@ — by T. (29)
where, 4 d £ =D? 4 = =D.

Eliminating N(x, q,s), %(x, q,s), 1(x, q,s), w(x, g,s) and @(x, q,s) between Equations
(25)—(29), the following tenth-order ordinary differential equations (ODE) are satisfied by
N, T, %, @ and ¢ is obtained as:

N

(DY — AD® + BD® — CD* + ED? — F){N, T, 1, ﬁ,i} (x,q,5) = 0. (30)

The primary tenth ordinary differential Equation (30) were solved using the factoriza-
tion technique as follows:

(D? = I)(D? ~B)(D* — ) (D* — ) (D* = B){N, T, i, #,5 } (x,q,5) =0. (3D

where k% (n =1,2,3,4,5) are the roots, that they may be taken as real-positive when x — co.
The solution to Equation (30) is expressed as follows:

. 5
T(x,q,s) Z e~ ¥, (32)

A 5 5

N(x,q,s) Z M, (q,s) = Z a,*an(q,s)e_k"x, (33)
n=1 n=1

A 5 " 5 ;

u(x,q,8) =Y My(g,s)e ™ =Y biMy(q,s)e ", (34)
n=1 n=1

A 5 5

w(x,q,s) Z My (g,8)e " = Z c;;Mn(q,s)e_k”", (35)
n=1 n=1

A 5 nn 5 k

?(x,q,s) Z M, (q,s) = Z diMy(q,s)e "%, (36)

where, M, and M/, M, M, , M " are unknown parameters depending on the parameters
g,s can be determined from boundary conditions.

Where,
A 28213 :g3lc :g4/E :gS/F 286
— k8 —byk® +bsk —bgk? +b
af = —M2 px — n 04l 05K, — U6l 107
" kg—an’ " ka(kh—ayy) (khags —bgkZ+bg)” (37)
C* — ﬂ]gk?l*Clk;%JrCzk%*C:g * ﬂ31k§,7d1k$+d2k,217d3

T (kg—an) (kkags—caki+cs)” T T KSags—daki+dski —dg

The mentioned quantities provide the domain-wide solution of Laplace’s main variable
transformations in terms of the unknowable parameters g and s, which can be obtained
from the subsequent boundary conditions.
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4. Boundary Conditions

Consider that the elastic semiconductor medium is initially in a state of rest at the
vertical plane (free surface), then x = 0. The system is thermally isolated. The Laplace and
Fourier transforms are applied for the following limit conditions:

(I) The plasma boundary condition when the Laplace transform is used at the free sur-
face to transport and photo-generate the carrier density diffusion during the recombination
processes with speed s, the plasma boundary condition may be reformulated as follows:

- A
N(0,4,5) = = R(s). (38)
D,
Therefore,
5 A =
ayy M, = HeR(s). (39)

(IT) At the free surface, the isothermal boundary condition sensitive to thermal shock

is defined as: ) .
T(0,9,8) = h(s). (40)

The main coefficients of Equation (40) take the form in Appendix A. Therefore,

i M, = h(s). (41)
n=1

(III) The traction-free load at the free surface produces the mechanical boundary
conditions (normal stress and tangential stress condition) as follows:

3ZZ(O, q,s) = —p. (42)

So,
5 o
(e1by, + Akucyy, + €2 — Aodyy — e3a3) Y My = h(s). (43)
n=1

72(0,9,8) = 0. (44)

So,
5
(eskncyy 4 esbyy) Y My, = 0. (45)
n=1

(IV) The boundary condition of the change in the volume fraction field at the free
surface (¢ is constant in z-direction), yields:

9
-+ =0. 4
5 0 (46)
So,
5
eodyy Y M, = 0. (47)
n=1

The quantities /(s) and R(s) are the Heaviside unit step function where X is a free
chosen constant.



Crystals 2022, 12, 1603

8of 17

5. Inversion of the Fourier-Laplace Transforms

It is necessary to obtain the reversal of the previous main expressions in the physical
domain to achieve comprehensive solutions of non-dimensional physical field variable
distributions in 2D. However, the Riemann-sum approximation method employs the
numerical inversion technique for Laplace transform [32].

In the Fourier domain, the inverse of any function f(x, z, ) can be obtained as:

f(x,z,3) =5 / f x,q,5)e' " dz. (48)

In the Laplace domain, any function’s inverse f(x,z, ) can be obtained as:
t Lo stdt 49
f(xlzl )_ﬁ/n—ioo f(x,Z,S)e . ( )

Using the Fourier series to expand for the function f(x,z,t') in the closed interval
[0, 2], to get the next relationship:

SO, (50)

ent' 17 N
flx,z,t) = 7[ f(x,z,n) +Re Z flx,z,n+
where the imaginary unitis i = v/—1 and Re is the real part. The sufficient N can be chosen
free as a large integer, but can be selected in the notation nt’ &~ 4.7 [32].

6. Numerical Results and Discussion

For use in numerical simulation, silicon (Si) component is an example of an elastic
semiconductor material (using the MATLAB program). The numerical simulation and
computational findings of fundamental quantity fields, which have various applications in
contemporary industry and plasma physics technology, are performed using the physical
constants of Si. For Si material (from n-type), the physical constants mentioned in Table 1
as follows [33-36] are taken in SI units:

Table 1. The physical constants of Si (semiconductor) medium.

Unit Symbol Value Unit Symbol Value
N/n? » e i
kg/m3 0 2330 J/kgK Ce 695
K Ty 800 m 3 2
5 T 5x 1075 m? P 1.753 x 1071
m3 dy -9 x 10731 N w 3.688 x 107
m2/s Dk 25x1073 Nm—2 c1 1.475 x 1010
eV E, 1.11 Nm~2 Ao 1.13849 x 10'°
K1 at 414 x107°  Nm2deg™! m 2% 100
Wm— 1K1 k 150 Nm=2s~1 wo 0.0787 x 1073

To create a numerical simulation for a brief period ¢t = 0.001 when the mechanical
load is P = 1 in the range of 0 < x < 6 when z = —1, the non-dimensional main fields in
2D are created based on the Fourier-Laplace transform inversion approach. At the free
surface of the semiconductor medium, the principal physical field propagates as a wave
(transient) when boundary conditions (thermal, mechanical, and plasma conditions have
an impact on all waves that are propagating) are taken into account. Wave propagation
is significantly influenced by surface conditions. Figure 1 illustrates the primary physical
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distributions of temperature (thermal wave), the change in volume fraction field (volume
fraction field), elastic wave (displacement), carrier charge density (plasma wave), and
mechanical waves (0xx and oy;) with the horizontal distance following three models of
the photo-thermoelasticity theory (CD, LS, and GL). The differences between the CD, LS,
and GL models depend on the various thermal memories; all assessments are completed
in a very short amount of time while taking into account the material constants of voids
(pours) factors. All of the fields in this category (Figure 1 (from Figure la to Figure 1f)
meet the requirements that are based on the semiconductor’s surface. During the electronic
and thermoelastic deformation, the thermal wave (temperature, Figure 1a) and plasma
wave (carrier density, Figure 1d) rise first (first range), then reach their maximum points.
This is because of the thermal influence of the light beams. However, the thermal wave
and plasma wave gradually decrease with exponential behavior for all three models in
the second range, which is consistent with the experimental findings [37]. Starting at zero
point at the surface, the volume fraction field distribution has a wave propagation rise
near the surface due to the influence of light thermal to reach the maximum peak value
for all three models. Due to the diminished thermal effect of light, it decreases fast in the
second range to approach the minimum peak value inside the medium before increasing
and decreasing periodically inside the semiconductor medium of the deceleration until it
touches the zero line (the state of equilibrium). Due to increased vibrations of the material’s
interior particles, the elastic wave (displacement component u, Figure 2¢) starts at the initial
surface value. It then grows quickly to achieve its highest maximum value (thermoelastic
deformation) with wave propagated. As a result, to reach equilibrium, the elastic wave
diminishes in the second range with exponential wave behavior until it crosses the zero
line. There are two types of mechanical waves plotted: normal stress oy, and tangent stress
Oxz. Due to the persistence in the electronic and elastic deformations, the normal stress
distribution oy, (Figure le) begins with a negative value at the surface and rapidly falls
in the beginning to approach the peak minimum value close to the surface. To attain the
peak maximum value in the second range, it grows abruptly. After that, it varies with
wave behavior, regularly falling and rising until it reaches the equilibrium condition. The
distribution of tangent stresses oy starts at zero and rises until it reaches its highest peak
value in the first range. The second range, meanwhile, rapidly drops until it approaches
the minimum peak value. It raises and drops regularly farther away from the surface until
it achieves equilibrium by being congruent with the zero line.

Figure 2a—f shows the behavior of variation in the main physical fields with the
horizontal distance according to two dimensionless cases: the first describes the wave
propagations behavior without the porosity impact (when the porosity parameters are
neglected), but the second case represents the wave propagations behavior under the
influence porosity parameters. The GL model is used for all computations, which are
performed for very short relaxation times under the influence of the photo-thermoelasticity
hypothesis. Due to the effect of porosity, the values of the magnitude of wave propagations
of the main fields are higher with porosity parameters than without porosity parameters.
This figure shows that all wave propagations of the considered fields are significantly
influenced by the porosity parameters. It has been found that porosity has a significant
impact on how the main quantity distributions vary.
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Figure 2. (a—f) Variation of the main physical distributions w.r.t the distance for different two cases of

porosity under the impact of GL model.

Figure 3 plots the dimensionless physical quantities for Si against the vertical (0 <
z < 6) and horizontal (0 < x < 6) distances in three dimensions (3D). The computational
outcomes are derived using the GL model under the influence of porosity parameters.
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According to this figure, changes in the vertical and horizontal distance have a significant
influence on how waves propagate in all physical fields.
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Figure 3. (a—f) Variation of the main physical distributions w.r.t the vertical and horizontal distance
under the impact of porosity according to the GL model.

Figure 4 depicts the horizontal distance and various values of dimensionless time
together with the wave propagation of the main field front distribution. All computations
are made according to the GL model when the porosity effect is taken into account under
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the impact of initial stress. From this figure, it can be noticed that the thermal wavefront

propagates faster than with the increase in dimensionless time.
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Figure 4. (a—d) The main physical wave’s fronts distribution at different dimensionless time instants.

7. Conclusions

A novel model of double porosity semiconductor material is investigated using the
generalized thermoelasticity theory during photo-excitation transport processes. According
to changes in thermal and elastic relaxation times, the governing equations are derived in
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two dimensions. The dimensionless main equations are solved according to the Laplace—
Fourier techniques. Our discussion shows that when the horizontal distance increases, the
wave distribution of all physical fields approaches the zero line to establish an equilibrium
state. It has been discovered that every field quantity is extremely sensitive to the thermal
relaxation time parameters according to the LS, GL, and CD models. The numerical
simulations of the main fields make it clear that the porosity effect is significant. The
graphic showed that the effects of double porosity on the numerical values of physical
quantities were both increasing and decreasing. The boundary conditions applied to the
surface have a significant impact on the semiconductor material’s tendency to deform
again. The usage of this kind of research in solar cells, electric circuits, and sensors makes it
beneficial. The outcomes of this study should be useful for those exploring the theory of
photo-thermoelasticity based on the double porosity structure. A more realistic model is
now available for further research thanks to the addition of the double porous parameter
to the excited photo-thermoelastic material.
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Nomenclature

A u Lame’s parameters.

On The distinction between the valence band and the conduction
band’s deformation potential.

T Absolute temperature.

T Reference temperature when ‘ T}UTO <1

%= (BA+2u+k)a; The thermal expansion of volume.

K The thermal expansion coefficient.

Tij The stress tensor.

p The density.

e Cubical dilatation.

Ce Specific heat.

k The thermal conductivity.

Dg The carrier diffusion coefficient.

T Lifetime.

t Time variable.

Eg The energy gap.

eij The strain tensor.

u; Displacement vector.

N Carrier concentration.

p The initial pressure.

a, Ao, 61, Wo, Y1, P The constants of voids.

To, Vo Thermal memories.

Q The change in volume fraction field.
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Appendix A

The main coefficients of Equation (40) take the form:

A=¢,B=g3C=g4, E=¢5 F=gs §1=1,
2 = (14019 — 415431 + A16A425 + A11 + 13 + a18 + ax4 + a9,
83 = a11A14419 — A11415431 1 411016425 + 12017025 + 24014019 + 029014019 —
21414431 + 422014425 — A15418431 — 4150320419 — 15024431 — 15025033 + A16218425+
a16426419 + A16425029 — A16428431 + 411413 + A11418 + A11424 + 411429 — A12427 + 413418+
a13A24 + 13029 + A18024 + 13029 + A18A24 + 418429 + A21A32 — 22026 + A24429 + 128433,
84 = 411814019424 + 111014019429 — 11414421431 + 411414022025 — 41115018019 —
A29a14431 — A11415019432 — A11A15024431 — 11415025033 + 411816418425 + 411416419426+
a11a16A25029 — A11A16428A31 — A12017018A25 + A12817019026 + A12817425029 — (12017028431 +
14019024029 + 14019428033 — (14021024031 — (14021a33425 + 414022025029 — 11422028431 —
a15a18024a31 — A15A18A25033 — A15019024032 — A15019026A33 — 15022025032 + 15022026431 1 ’
a16A18A25029 — A16A18428031 + A16A19A26829 — 16419428032 + 16421425032 — (16421426431 +
11413418 + A11413024 + 411413429 + 411424418 + 411429418 + 411421432 — 11422026 + 411424029+

a11428a33 — A12413A27 — 12418427 — A12423426 — A12027429 + 413018424 + 413021432 — 413422026+

13024029 + A13A28033 + A18A24029 + 418428433 + 421424432 + 421026433 — 122026429 + 122028432
85 = A11A14419824029 + 1114419428433 — A11414421431024 — A11414A21025033 + 1101402202529 — (1141422028431 —
a11415A18A24431 — A11415018A25033 — A11A415019424432 — A11415A19426433 — A11415A22032425 + A11415022026431 1
a11a16A18425029 — A11a16118A28431 + A11016419426429 — A11416419428432 + A11416A21A25032 — A11A1642126431 —
1201419027029 + A12014021A27431 + A12A14A23025029 — A12014A23A28A31 + A12814023028A431 + A12A15A18427031 +
a12a15019427032 — A12015023A25032 + A12815023026431 — A12417418428431 + A12a17019426429 — A12017019428432+ ,
a12a17021A25032 — 1201702126431 + 411413418024 + 411413418429 + 411413421432 — 411413022426 + 411413024429+
11413028433 + A11A18024A29 + A11A18A28433 + A11A21A24A32 + A11A21A26433 — A11a22026A29 + (11028022032 —

a12a13018427 — A12813A23026 — 412813029427 — A12021432027 — 112423026029 + 112423028432 + 13024218429+

a13A18a28433 + A13A21024432 + 413021426433 — 113022026029 + 113422028032
86 = (11413418A24429 + A11A413A18428433 + A11413421A24432 + A11413021426433 —
a11A13a22026029 + A11413422028432 — A12013A18427029 — A12413421027432—

A12013A23026A29 + A12413A23428432
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The primary variables in Equation (37) can be stated as follows:

by = ay1 + a1 + azq + az9, bs = a1a18 + a11az4 + a11a29 — a1z +

918 + A21a32 — A22d26 + A24d29 + A28A33, bg = A11A18024 + A11A18029+

a11421432 — 411422026 + 411024429 + 111428433 — A12018A27 — 112023026 —

a11427029 + 418024429 + 418428433 + 21024432 — (21426433 — 122026029 + 122028032,
b7 = a11a18a24a29 + A11418a28033 + 11421424032 + 11421026033 — 411422026829+
A11a22028432 — 12018427029 — A12421A27432 — A12A23A26129 + A12A23028432,

bg = apsaig + a19a26 + A2s5a29 — A28431, by = A18A25029 — (18028031 + 119426029 —
A19428a32 + 421425432 — 21026431, C1 = 411419 + A19A24 + A19A29 — A21431 + A22025—
a11419424 — 411419429, C2 = A11A421431 — 411422425 + A12419427 — 112023025 — 119124029 —
a19428433 + 421424431 + 21425433 — A22025029 + 22028431,

€3 = A11419424029 + A11A19A28433 — A11421A24431 — A11421425033+

a11422025029 — A11A22028431 + A12A19427a31 + 12023025029 — A12023A28031,

C4 = a18425 + 19826 + A25029 — A28A31, C5 = A18A25029 — A18A28431 + A19A26A29 —
a19a28a32 + A21A25a32 — 42142643101 = A11431 + 18431 + A19a32 + 424431 + A25433,
dy = a11a18431 + A11419432 + 11424431 + 411025433 + A12a27031 + 18424431+
18025433 + 419424432 + 119426433 + 22025032 — 122026431,

d3 = a11418424431 + (11418425433 + (11419424437 + (11419026433 + (11422025030 —
a11422026431 — A12418A27431 — A12a19427432 + 12023025032 — 1202302631,

dy = a11a25 + azs5a18 + A619 + A25a29 — A2gd31, ds = A11A18A25 + A11A19426+
a11429025 — A11428A21 + 429418425 — 28418431 + 419426429 — 19428432+

A21a2503) — A21426431, de = 411418025029 — A11A18A28A31 + A11419426029 —

a11a19a28a32 + 411a21425432 — 411421426431
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