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The linear thermoelastic behavior of a composite material reinforced by two independent and
inextensible fiber families has been analyzed theoretically. The composite material is assumed
to be anisotropic, compressible, dependent on temperature gradient, and showing linear elastic
behavior. Basic principles and axioms of modern continuum mechanics and equations belonging
to kinematics and deformation geometries of fibers have provided guidance and have been
determining in the process of this study. The matrix material is supposed to be made of elastic
material involving an artificial anisotropy due to fibers reinforcing by arbitrary distributions.
As a result of thermodynamic constraints, it has been determined that the free energy function
is dependent on a symmetric tensor and two vectors whereas the heat flux vector function is
dependent on a symmetric tensor and three vectors. The free energy and heat flux vector functions
have been represented by a power series expansion, and the type and the number of terms taken
into consideration in this series expansion have determined the linearity of the medium. The linear
constitutive equations of the stress and heat flux vector are substituted in the Cauchy equation of
motion and in the equation of conservation of energy to obtain the field equations.

1. Introduction

Generally, composite materials are separated into natural composites and artificial compos-
ites. While natural and artificial composites have functional similarities, they differ greatly
in terms of methods of production and purposes of use. Natural composites are not the
result of a manufacturing and production method implemented by humans for a certain
purpose. Having extremely fine and complex subsystems, structures of this kind comprise
known natural structure elements by combination in a certain distribution at a time and on
grounds determined according to a universal program of sometimes microscopic and other
times macroscopic level. Artificial composites appear as a product of a certain manufacturing
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process produced by intellectual capabilities of the human mind to create a material with
superior characteristics for a certain application purpose. Dealing with microlevel study for
natural and artificial composite structure elements is a subject of micromechanics [1].

Generally, studies of composite materials are divided into two main branches, namely,
micromechanical and macromechanical analyses. The micromechanical analysis aims to
uncover certain mechanical characteristics relating to the general behavior of composite
materials using the physical and mechanical properties of matrix and reinforcement materials
as a starting point. Micromechanical methods can be separated into three, that is, the energy
method, elasticity method, and material mechanics method [2]. Composites are broadly used
in civilian and military aircraft, aerospace technologies, automotive industry, sea vehicles
primarily in ships, pneumatic vessels, power transmission axles, and orthopedic devices [3].

In our previous study [4], viscoelastic composites of a single fiber family have been
studied assuming that the medium has a discontinuity surface. In our study [5], it has been
assumed that a viscoelastic medium with two different inextensible fiber families does not
have a discontinuity surface. Again, in the studies in [6, 7], the exposure of a viscoelastic
medium to the effect of electrical and magnetic fields in addition to its reinforcement by
a single fiber family has been researched in the form of separate studies. Furthermore,
in his study [8], Usal has examined the electromechanical behavior of a piezoelectric
viscoelastic medium with two fiber families. Since temperature was assumed to be constant
in all of the previous studies, temperature change has not been taken into consideration.
In this study, constitutive equations have been obtained that indicate the stress and heat
distribution determining the thermoelastic behavior of a composite material reinforced by
two arbitrary independent and inextensible fiber families. Since the temperature is not
constant, a temperature gradient has been included in the calculations as an independent
constitutive variable.

Researchers like those in [9-11] have made progress in the studies they have
conducted on the formulation of thermoelastic effect on a variety of materials. A study by
Nowacki fills a large gap in thermoelasticity and its applications [12].

The thermal properties can play a significant role in affecting the design and
manufacture of composite structures in their industrial applications [13]. The subject of
thermoelastic behavior of composites has been studied by a number of different researchers
[14-21]. Fiber-reinforced composite materials belong to a very important class of materials
which are often employed in a wide variety of industrial applications. Typically, these
composite materials consist of a fabric structure where the fibers are continuously arranged
in a matrix material, and, at the macroscopic level, these composite materials exhibit strong
directional dependencies. The vehicle tyres furnishe a typical example of technological
application of such man-made composites [21].

Due to some technological requirements, it is aspired that specific construction
elements have rather elastic properties, provided that they have high durability in certain
directions. Fiber-reinforced composite materials are produced by sticking fibers in a
polymeric matrix which is elastic but with low strength. These fibers are manufactured from
high-strength graphite or bor. They can be easily bent due to the very small size of their
cross-section and it can be assumed that these fibers show a continuous distribution in a
medium. Assuming inextensibility of the fibers is a reasonable approach since the rigidity of
the fibers is very high compared to the rigidity of the matrix. Inextensibility of the fibers is
broadly accepted in practice for formulation purposes. Thus, fiber families are assumed to be
inextensible (A2 = Ckp Ak Ar =1, A2 = Cx . Zk Z1 = 1) [22]. On the other hand, the composite
material taken into consideration in this work is assumed to be compressible and shows
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linear elastic behavior. In a class of engineered fiber composites for structural load-bearing
components in civil or aerospace applications, an assumption of linear elastic behavior is
suitable and this class of composites belongs to a compressible material response.

2. Kinematics of Fibers Deformation

It is assumed that an element from two different continuous fiber families is placed on
each point of the composite material. Before deformation and after deformation, these fiber
families are represented by continuous unit vectors A(X), Z(X), a(x), and z(x), respectively.
The fibers deform along with the material; that is, fibers do not have a relative motion with
respect to the material in which they are embedded. Relationships given below are true for
an A-fiber family [23, 24]

l
= xk,KAK. (21)

adl = xi, k AxdL, akﬂ

Rates of extension of fiber family A can be defined as follows:

A, = (%)A. (2.2)

If expression (2.2) is substituted into (2.1), the following expression is obtained:
ayx = /\;lxk,KAK. (2.3)

Deformation geometry of the fiber family A is expressed by relationship (2.3). Because
vectors A and a here represent unitized vectors of the fiber family A, operations are true

|A | = | a I = 1, axai = 1= )t;z)Ck/ka,LAKAL = J\;ZCKLAKAL. (24)
Accordingly, the form is found to be
A2 = CxL Ak AL. (2.5)

Relationships that are true for the Z-fiber family can be expressed as follows [23, 24]:

dl

zk = A\ ek Zk, A= <—> , A2 =CkrZxZy, (2.6)
dL/ ,

where dL and dI are, respectively, arc length of fiber before and after deformation, Ax and

Zg are fiber unit vector components before deformation, ax and zjy are fiber unit vector

components after deformation, xj x = 0xi/0Xk is deformation gradient, A, and A, are rates
of extension of fiber families, and Cxy = X kxxk 1 is Green deformation tensor.
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3. Thermomechanic Balance Equations

Balance equations, mass, linear momentum, angular momentum, energy balances, and
entropy inequality have been summarized in [22, 25]. We have the following:
Conservation of mass:

p+pokk =0, p(x,t) = ;?i,xt)) (conservation of mass in material representation),
(3.1)
balance of linear mometum:
pop =pty +tpr, (3.2)
balance of moment of momentum:
Ekrptrp = 0, trp = tpr, (3.3)
conservation of energy:
PE = tudi + qi k + ph, (3.4)
Clausius-Duhem inequality:
pGﬁ—V~q+$q-V€—ph20. (3.5)

Here, v stands for the velocity field in a continuous medium, py for mass density before
deformation, p for mass density after deformation, | = det[xy k] = po/p(x,t) for jacobian, ¥
for acceleration, t for stress tensor, fx for the mechanical volumetric force per unit of mass,
¢ for internal energy density per unit of mass, gi for heat flux vector, h for heat source per
unit of mass, 7 for entropy density per unit of mass, 0(X, t) for the absolute temperature of a
material point X at a moment ¢, and Eijk for permutation tensor.

4. Thermodynamic Constraints and Modeling Constitutive Equations

Taking (ph) from the local energy (3.4) and substituting it in the entropy inequality (3.5) will
give us the following:

1
-p (é - 91]) + td + éqke,k > 0. (4.1)
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Since the material derivative of the entropy density in this expression cannot be controlled
inside a thermodynamic process, a defined Legendre transformation like the one provided
below can be used to transform the derivative of these values into the controllable value 0

p=e-0m. (4.2)
As a result, the entropy inequality is transformed as follows, expressed in new terms:
g 1
—p((p‘ + 91]) + tdix + éqkak > 0. (4.3)
Entropy inequality is obtained as follows in the material form [26]:
. . 1 . 1
—(Z + pOGq) + ETKLCKL + éQ,KQK > 0. (44)

Terms relating to the new values have been provided below:

2 = pog, (4.5)

Ckr = 2duxy kXL = dg = %CKLXK,kXL,I/ (4.6)
Txr = JXkx Xt =t = ] X xx, Tk, (4.7)
Qk = JXkkgk = gk = J 'x1xQx, (4.8)

Gk =0k =x1xk0k = gk =0k = XkiO k- (4.9)

Here, X stands for thermodynamic stress potential, ¢ for generalized free energy density, dy
for deformation (strain) rate tensor, Xxx = 0Xk/Oxj for the deformation gradient of the
reverse motion, Ty for the stress tensor on material coordinates, Qg for the heat flux vector
on material coordinates, and Gk for the temperature gradient on material coordinates.

To be able to use the inequality (4.4), we need to know the independent variables
on which the thermodynamic potential ¥ depends. Arguments of X and the variables they
depend on have been found using constitutive axioms based on the selected material.
According to the axioms of causality and determinism [22, 25], our stress potential, as a
response functional at a material point X at a time ¢, can be written as follows:

(X t) =2[x(X, 1), 0(X,t'),X] XeV —oo<t <t (4.10)

Here, t' is any point in time between now and the past. X' stands for all material points other
than X.

Using the results of causality, determinism, objectivity, smooth neighborhood, and
admissibility axioms [22, 25], the arguments on which X depends in a composite with two
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fiber families exposed to mechanical loading and temperature change can be expressed as
follows:

3(Xk, t) =2 [Ckr(Xk, 1), Gk (X, 1), Ak (Xk), Zk (Xk), 0(Xk, t), Xk]. (4.11)

Assuming that the materials are homogenous, X will be eliminated from among the
arguments given in the expression (4.11) on which X depends. Because the fiber vectors Ag
and Zx do not depend on time, the following expression is obtained by taking the material
derivative of expression (4.11).

. 0T . oS . 0%,
$= 5o Cra+ 69,KG +=50. (4.12)

Substituting this expression in (4.4) gives us the following inequality:

1 0x \ . 10X\, 0X . 1
= —lT - — - = — > 0. .
2<TKL ZaCKL>CKL po(?’l+p0 66>6 aGKGK+6GKQK_O (413)

Since we are able to arbitrarily replace the arguments in inequality (4.13) from 6 to 6, from
Ckr to Ckr, and from Gk to Gk, for the inequality (4.13) to be satisfied, the coefficients of 0,
Cxr and Gg will be zero. The coefficient of G cannot be zero as due to Gk's presence in the
arguments of X, it cannot be arbitrarily replaced. Equalizing the coefficients of Cxp, 6, and
Gk to zero will give us the following expressions:

_ 9% 414
Tx1 25C1<L (4.14)
1 o0
- 41
== 56 (4.15)
o0x
= _0. 4.1
3Gk 0 (4.16)

It is understood from expression (4.16) that the stress potential does not depend on Gkg.
Therefore, arguments on which the stress potential depends are expressed as follows:

3 =3(Ckr, Ak, Zk, 9). (4.17)
Thus, inequality (4.13) is reduced to the following form:
1
i GkQk 20. (4.18)

For the heat flux vector, expression (4.18) gives the Clausius-Duhem inequality and the
following expression indicates the arguments on which the heat flux vector depends

Qk = Qx(Ckr, Ak, Zx, Gk, ). (4.19)
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In consideration of expression (4.19), inequality (4.18) is written down as follows:

GkQk(Ckr, Ak, Zk,Gk,0) 20 or Q (CA,Z,G,0,X)-G>0. (4.20)

In inequality (4.20), when Gk = 0, Qg must also be equal to zero. Accordingly, maintaining
the order of independent constitutive variables in expression (4.20), the following expression
should be written:

QK(CKL/ AK/ ZK/ 0/ 6) =0. (421)

On the other hand, internal energy density ¢ can be written as follows from the expressions
(4.2), (4.5), and (4.15):

R (z - a_29>_ (4.22)

From the constitutive equations offered by expressions (4.14) and (4.19), it is understood
that the stress is derived from the stress potential %, while the heat flux vector appears as a
vectorial form with known arguments independent of the stress potential. Thus, the explicit
forms of X and Qk, which appear as constitutive functions with definite arguments, should
be determined. However, constraints imposed on the constitutive functions of the material in
question by the material symmetry axiom should firstly be revised.

Let the symmetry group of the material be the full orthogonal group (isotropic
material) or any of its subgroups (anisotropic material). Let S = [Skr] be any arbitrary matrix
representing the orthogonal transformation of material coordinates (or rigid configurations
of the material medium according to the reference coordinate frame) and pertaining to the
symmetry group of the medium. According to the material symmetry axiom, constitutive
functionals under each transformation

Xy = Sk X, X, =8 X,, S'=5" (4.23)

established using the orthogonal matrix S should remain form invariant. Mathematically, this
indicates the validity of the transformations

M
—~
95)
@)
95)
=
95)
>
119}
N
oo
~—
Il
M
—~
0
>

I
D
~

(4.24)

QsCcs"54 52 566)=0(CAZGo). (4.25)

The following conditions should be satisfied since the fiber families are assumed to be
inextensible [22, 27]:

A2 =CgrAxAr =1, A2 =Cx1ZxZ; =1. (4.26)
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Thus, the constitutive equation for the stress is obtained as follows in spatial and material
coordinates:

ox
ti = Taara + U'zzezy + 22X, kX110 ——
’ 0Ckr
. (4.27)
Tk = l"aAKAL +1,ZxZ; +2 .
0Ckr

In these expressions, I'; and I'; are Lagrange coefficients and are defined by field equations
and boundary conditions.

In this study, the matrix material has been considered as an anisotropic medium. In
the scope of this approach, the stress potential and heat flux vector functions are expanded
in power series in terms of the components of arguments on which they depend, giving us
the thermoelastic behavior of the composite medium. The reference position of the medium
has been selected at a uniform temperature T in a stress-free natural condition, and it has
been assumed that the medium moves away from that position by small displacements
and deformations and small changes in temperature. By referring to small changes in
temperature, we mean 6 = To + T, Ty > 0, |T| < Tp [22]. The type and the number of terms
taken in the series expansion have been determined based on the linearity condition of the
medium. Moreover, because the matrix material remains insensitive to change of direction
along the fibers, expressions of vector fields representing the fiber distribution through
outer products in even numbers as arguments should be considered. The linear constitutive
equation of stress has been obtained by taking the derivative of the stress potential according
to its deformation tensor. Field equations have been obtained by substituting the linear
constitutive equations of the stress and heat flux vector in the Cauchy motion equation and
in the equation of conservation of energy.

5. Determination of Stress Constitutive Equation in
Linear Thermoelasticity

Since the relation Cxy = 61 + 2EkL exists between the Green deformation tensor and strain
tensor, Exy, can be expressed as Exr = Exr, = (1/2)(Uk + U k) in a linear theory, and the
arguments of the stress potential given by expression (4.17) can be written down as follows:

s = Z(EKL, Ak, zK,e). (5.1)

Assuming that this function is anglytic in terms of the E,A,Z values, if this function is
expanded in Taylor series around E = 0, A = 0, Z = 0, the expression will be obtained for
the stress potential:

~ 5 1 .
Z<EKL1A51 Zy, 9) =30(0,X) + Zkr(0,X)Exr + EZKLMN(G/ X)ExrLEmn + Asn (6, X)AsAN

+QyN(0,X)Zy ZN + xkisn (0, X) ExkL AsAN

+&kkryN(0, X)Exp ZyZN +--- .
(5.2)
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Coefficients in this equation have been defined as follows:

oz ’s 1 9%
ZO - Z<O/ 0)/ ZKL = = ’ ZI(LMI\] = —=———= |, .A,SN = = m ,
- EKL 0 6EKL6EMN 0 2 S N 0
ool ’s : 1 s ; 1 s
YN=3 9Zy0Zn J KLSN = 6 OEx.0AsOAN J KLYN = 6 OEx0Zy0ZN N

(5.3)

Due to the symmetry of the Ex: tensor and nondependence on order of the derivatives in
the definitions in the expressions (5.3), these coefficients bear the symmetry characteristics
indicated below:

2= 2Lk, SKIMN = ZLKMN = ZKLNM = ZMNKL, Asn = Ans, Qyn = Qny,

gKLSN = gLKSN = gKLNS/ KKLYN = KLKYN = KKLNY-
(5.4)

The following relations can be written down for the linear theory in continuum mechanics
[22]:

5 1 ~ 1 N
Exr = Exr = E(UK,L +Urk), exnZéxn=€En= E(uk,l +uk), €m = Ak MirExr,
Exr = Mxhinéu,  Xix = Mk +uix, Xxk = Axe—Ukk, Xk, kX0 = Ak i,

= - 1
Xk xXr1 = xhr, Exr = Exr = Mk hiréu = E)tkK)tlL(uk,l +Uk),

Xp,pXr, RAKAL = Xp,p2 RXK kX1 10k A1 A5 = App AR M MiLaxar  (for Mg = 1), (55)

2
Xp,pXr, RZKZL = Xp,pXr, RXK, kXL, 12kZ1A; = AppdrrAkkMizezr  (for A = 1),

OEpg 0pr _ O(upr) . 0
- Tt T a0 T

T -y, p = po(l —uky).

The expression of the spatial form of stress for compressible media with inextensible fiber
families can be written down as indicated below:

0

bpr = Taarar +Tozez + (1 - uk,k)a—.
Epr

(5.6)

In the linear theory, arguments on which X depends can be expressed in spatial form as
follows:

3= Z(Ekl, aj, Zk,G,X). (57)
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Assuming this function is analytic in terms of €, ak, zx and expanding it in the Taylor series
around €y =0, as =0, z, = 0 will give us the following expression:

Z(Ekl, As, Zy, 6/ X) = 20(6, X) + 2 (91 X)Ekl + %Zklmn(gr X) Ekl€mn t )lsn(gr X) asan
(5.8)

+ Q4 (0,X)zyzy + Ckisn (0, X) Exrasan + Kiiyn (0, X)Exizyzn + - - -

The spatial material tensors i1, Zkimn, Asn, Qyn, Gkisn, and xipyn in (5.8) bear the same
properties as the material tensors of the material Zxr, ZxrmN, Asn, QyN, (krsn, and KxryN
and are defined as follows:

2k = Mkl Zkr, Zkimn = Mk MLAmMANZKLMN, Asn = AssAunAsn, 59)
Qun = Lyy Ay Qyn, Ckisn = Mk MLAss AN GKLSN Kklyn = Mk lLAyy LuNKKLYN -

In order to obtain a correct formulation of the linear theory, expression (5.8) should be
quadratic at most in terms of the endlessly small expansion tensor € and temperature
change T. For this purpose, the coefficients dependent on 0 in the expression (5.8) have been
defined as follows, respectively:

1 1
29(6,X) = 2(To + T, X) = po(X) g0 (To, X) = po(X)110(To, X)T ~ EpO(X)FOC(:rO,X):r2 +eoe,

25100, X) =y (To, X) = Pra(To, X)T +-- -,
Asn(0,X) = Asn(To, X) = psn(To, X)T + -+,
Qyn(0,X) = Qyu(To, X) = 7yn (To, X)T + -+,
Zietmn (8, X) = Zietmn (To + T, X) = Ziimn (To, X),
Giisn (6, X) = Grisn (To + T, X) = Giasn(To, X),
Kiiyn(0,X) = Kiiyn (To + T, X) = x1yn(To, X).

(5.10)
Coefficients in this equations have been defined as follows:
a(p'o (T, X) _ 62(;;0(T, X) _ 1
|, =M, SR = cm,
T=Ty
0z (T, X
i1 (To, X) = Xk (To, X) = yix(To, X), Pri(To, X) = - % = Bi(To, X),
T=T,
Mgn (T, X 0 G11)
Asn (TO/ X) = Ans (T01 X), ,usn(TOr X) =- M = HUns (T0/ X)/
oT =T,
0Q,,, (T, X)
Qyn (To,X) = Qny (To, X), nyn(TO/ X)=- o = Tny (To, X).
T=Tp
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In these expressions, o(To,X), 10(To,X), and C(Tp,X) are scalar; yii(To,X), Pri(To,X),
Asu(To,X), psn(To, X), £2yn(TOIX)/ ”yn(TOIX)/ Zkimn(To,X), Gkisn(To, X), and Kklyn(TOIX) are
tensorial material constants, and these coefficients depend on the initial temperature Ty of
the medium and medium particles in heterogeneous materials. In homogenous materials,
the dependence on X is eliminated. In order to simplify notation, we will not indicate the
arguments (Tp, X) of such coefficients. Substituting the expressions (5.11) and (5.10) in (5.8)
gives us the following expression:

c
3(ew, as, zy, To + T,X) = poo — porjoT — ZLTOTQ + Yxi€k1 — Pl €x + Asnasay

1
—psnTasan + Qyunzyzy — wynTzyzy + Ezklmneklemn (5.12)

+ gklsneklasan + Kklyn€k1ZyZn + - .

If derivative in (5.6) is taken from (5.12) and used in substitution, the following expression is
obtained:

tor = Taapar + 122,z + (1= ttic) (=PprT + Zprmn€mn + Cprsn@sn + KprynZyZn)- (5.13)

Due to the X,,un = Zprum symmetry property of the coefficient 3., in this expression, the
constitutive equation given by expression (5.13) can be converted into the following form in
terms of linear constituents of the displacement gradient:

tpr = 1-'aapar + 1-'zzpzr - ﬂprT + Zprm'rﬂ/lm,‘rl + Cprsnas an + KprynZyZn
(5.14)
- gprsnasanuk,k — KprynZy ZnUk k-

In a composite material reinforced by two arbitrary independent and inextensible fiber
families, the medium is assumed to be anisotropic, compressible, homogeneous, dependent
on temperature gradient and showing linear elastic behavior. Equation (5.14) is the linear
constitutive equation of stress. First and second terms on the right part of (5.14) are caused
by the inextensibility of the fibers. I'; and I'.-fiber stretch, both are determined through field
equations and boundary conditions. These two terms are reaction stresses and cannot be
expressed by any constitutive equation. The third term expresses the temperature effect, and
the fourth term expresses the contribution of the elastic deformation to the stress. Regarding
the fifth and the sixth term, two interpretations are possible. The first one states that if the
medium is not loaded in any way (T = constant, Ex; = 0), it will not switch to stress and
therefore physically it should be {,rs» = 0 and xp,yn = 0, because being loaded with fibers
is not sufficient for a medium to automatically get stressed. Another interpretation can be as
follows. No parameters have been used related with cross-section thickness of fibers neither
in this study nor in other studies examining macroscopic behavior of fiber-reinforced media.
In other words, distribution of fibers is present in the medium only as a topologic object that
just causes anisotropy, which means it is completely geometric. In this regard, there is no
constraint that would prevent us from reinforcing fiber on the molecular scale. Therefore, if
a distribution can be practically placed into the medium in the form of a molecular chain, it
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is possible to suggest that this will alter the present ionic distribution and stress the medium
with no other effect. In this case, coefficients {y,sn and «,,y, in fifth and sixth terms will be
different from zero and will thus gain a physical meaning. These terms can be interpreted
as internal stress contribution stimulated by dislocation. The seventh and eighth terms
show the stress formed by interaction of the deformation field with contributions of fiber
fields.

If it is assumed that the medium is without fibers, expression (5.14) will be reduced to
retain the third and fourth terms indicating the contribution to the stress of the temperature
and strain tensor. Accordingly, in this study, terms of (5.14) have been obtained under the
mentioned assumptions and are reduced to generally known classical expressions in special
cases. This supports the opinion proving the reliability of the model we have created. These
new terms are the expressions of constitutive equation on spatial coordinates for stress on a
mathematical model created for fabricated composites, specifically for materials involving a
distribution of two absolutely arbitrary fibers.

6. Determination of Heat Flux Vector Constitutive Equation in
Linear Thermoelasticity

Here, the approach assumed for the stress potential has been assumed for the heat flux vector.
Accordingly, the heat flux vector can be found through a power series expansion in terms of
components of the arguments on which it depends, around a reference location selected as the
natural condition. Considering that E can be substituted by E in the linear theory, arguments
on which the heat flux vector depends, entropy inequality, and constraint caused by this
inequality have been found as follows:

Qr=0x(E A,2,G,0,X), ©6.1)
Q(EA,2G6X) G20, 6.2)
Qr = Qx(E A,Z,,0,0,X) =0. 6.3)

Expanding the function (6.1) in a Taylor series around E =0, A =0, Z = 0, G = 0 will give us
the following expression:

= 00k (E, G,6,X)
QR<E,A’Z’G’9’X> :QR(GIGIX)+ oF Erm
LM
E=0 (6.4)
aQR(A, G/ 6/ X) aQR(Z, G, 6, X)
TR D ArAn+ =R 77,
aALAM A=0 LM aZLZM 7o0 L&EM
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Here, the definitions as in the following are used

0 G,0,X
OR(G,0,X) = 0r(0,%) + 22RGOX) | o g 0.%X) + Bre(0,X)Gy + -,
oG G=0
Q& (E,G,0,X)
Hrim(G,0,X) = oE = Brem(0,X) + -+,
E=0 (6.5)
00r(A,G,0,X)
Y Go6X)s ——-—" "~ =D 0,X)+---,
RLM ( ) 0AL Ans N rem (6, X)
0 Z,G,0,X
]\TRLM(G/Q/X)E % ZFRLM(Q,X)+---
L&M Z=0

Using the above-mentioned definitions in the series expansion given by expression (6.4) can
give us the following expression:

Qx(E,A,Z,G,0,X) = Br(8,X) + Bre(6,X)Gr + Bt (6, X)ELn 6o
+ Drim (0, X)ALAM + FRimMZL Zp + -+ - .

Due to the symmetry of the tensor E and independence of derivatives in the definitions in
expressions (6.5) from the order, these coefficients bear the symmetry characteristics given
below:

Brim = Brumr, Dgrim = Drui, Frim = FrmL- (6.7)

Since G = 0 = Q = 0 due to the constraint in (6.3), the following expression can be written
down from the relation (6.6):

0 = Br(6,X) + Broat (0, X)Epat + Dria(8, X) A Ang + Friat(8,X)ZrZpg + -+ . (6.8)

Since expression (6.8) is zero for any arbitrary deformation measure, coefficients in this
equation should be zero. Therefore,

Bgr(6,X) = Brem (6, X) = Drem(6,X) = Frem(6,X) = 0. (6.9)
Accordingly, (6.6) is reduced to the following form:
Qr = Qx(E,A,Z,G,0,X) = Br.(6,X)GL = Bre(6,X)6), 1. (6.10)

Substituting expression (6.10) in the inequality (6.2) gives us the following expression:

Brr(8,X)0 10 g >0 or Brr(0,X)GrGr > 0. (6.11)
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Therefore, the tensor Bgr (6, X) should satisfy the following condition for any temperature
gradient:

BriOr0r >0 or B(RL)Q,RQ,L > 0. (6.12)

The By, tensor is named conductivity coefficient tensor. Inequality (6.12) tells us that the
symmetric part of this tensor is positive definite. For the linear theory, the coefficient Bg; is
expressed as follows in similarity to the coefficient Xpr:

0BgL (T, X)

Brr(0,X) = Brr,(To + T, X) = Brr.(To, X) + 5T
0

Tt (6.13)

Moreover, the coefficient 8 ; can be written down as follows:

Q,L = (TO + T),L = T,L. (614)

Substituting expression (6.14) in (6.10) and omitting the nonlinear term (T) (T 1), the heat flux
vector is written down as follows:

Qr = Bre(To, X)T L. (6.15)

The expression of the spatial form of heat flux vector for compressible media can be written
down as indicated below:

gr = (1 = U k) QrXy R (6.16)

If (6.15) is substituted into expression (6.16), using expressions (5.5) and omitting the
nonlinear term (ux T ), the spatial form of the heat flux vector follows as

gr = Bn(To, X)T}. (6.17)

The spatial tensor B,; of the material in (6.17) has the same symmetry characteristics as the
tensor Bg; and is defined as follows:

By = ArAiLBRr. (6.18)

Equation (6.17) is the Fourier heat transfer law, which defines linear heat transfer, and it can
be written down as follows in the vectorial form:

q=BVT. (6.19)
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7. Determination of Field Equations

Before proceeding to obtain the field equations, let us discuss the meaning of the tensor f,,
in (5.14). Firstly, let us define the tensor Z;}mn, which is the reversed tensor %,,,,, and has the

same symmetry properties as this tensor, as follows:

z:prmnz_1 =

mnkl

(6Pk6rl + 6P16rk>/ Z;}mn = Z;;mn = z“r_nlnpr = Z;inm' (7.1)

1
2

The tensor a,, comprised of thermal expansion coefficients that can be easily measured
physically can be defined as follows:

Apr = Z;}mnﬁmn = Qrp- (72)

To find the reverse of expression (7.2), let us multiply both sides of the equation by the tensor
Zkipr- Then, using a suitable index replacement, the following can be written down:

ﬁpr = Zprmnamn- (73)
Substituting expression (7.3) in (5.14) will give us the following;:

tpr = Latpar +T22p2r + Gpron(Asn — Ui kQsAn) + Kpryn (ZyZn — Uk kZyZn)

(7.4)
+ Z;armn (um,n - “mnT)-
The following expression can be written down in regard to a linear theory:
L~ vk _ 0 0ux _  ux
POk = po(l uk,k)w =Pogiar TP (7.5)

In a linear theory, the Cauchy equations of motion can be written as follows substituting the
expressions (7.5) and (5.5) in (3.2):

62uk

tiap + po(1 —ug)fic = POo (7.6)

Considering that the medium is homogenous and omitting the term (pou;,fy), let us calculate
the divergence of the stress given by (7.4) and substitute it in (7.6) to obtain the following
tield equation under the above-mentioned assumptions:

o*u
poa_tzp = Zprmn (um,nr - [xmnT,r) + POfp + (ru), Fapar + Fa(ap,rar + upar,r)

+(T2) ,zp2r + T2 (Zprzr + Zp2Zrr) + Gpron(s,rn + Asan,) 7.7)
- gprsn(as,ran + asan,r)uk,k - gprsnuk,krasan + Kpryn (zy,rzn + Zyzn,r)

— Kpryn (Zy,rzn + Zyzn,r)uk,k — KprynUk krZyZn-



16 Mathematical Problems in Engineering

Expression (7.7) gives us a field equation with the unknowns uy,I';,I';. The solution of this
field equation under initial and boundary conditions forms the mathematical structure of a
boundary value problem to consider.

Because 0 = Ty + T and 0T /00 = 1, the entropy and the internal energy density given
in expressions (4.15) and (4.22) can be written down as follows:

1050T 103

S—— =y T 7.
Po oT 06 Po GT’ ( 8)
1 0z
=—|Z- |- 7.9
o= |- menz] 79)
Substituting (7.8) in expression (7.9) will give us the following expression:
z
e=—+(To+T)n. (7.10)
Po

Taking the derivative of X given by expression (5.12) according to T and substituting it in
(7.8) after related operations will allow us to express entropy in terms of the displacement
gradient component as follows:

cT Kkl JT
=+ %uk,z + %asan + fzyzn. (7.11)

Let us now substitute expressions (5.12) and (7.11) in (7.10) and make necessary
arrangements to obtain the internal energy density as follows:

T? ToPr 1
E=¢€y+cC <T + =)+ ﬁ Uk + ———Zlmn Uk, Umn

2Ty 0 2 po
P P (7.12)
1
+ R [(Asn + CkisnUk,1) Ay + (Qyn + Kklynuk,l)zyzn] .
gy coefficient in this equation has been defined as ¢y = ¢o + Tor0, where gy, ¢, and

70 are, respectively, internal energy density, free energy density, and entropy density in
natural condition. Taking a material derivative of expression (7.12) and considering that
p = po (1 —uxx) give us the following expression:

pé = po(1 = tym)€

Oy Ouy Oy

T\ oT
= P0C<1 + F()) ot + Toﬂklw + Zklmnwum,n + gklsnwasan (7.13)

auk,l auk,l auk,l
+ Kklyn szzn - gklsn Fum,mas an — Kklyn Fum,mzyzn
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The term g,, is obtained as follows from (6.17):

qrr = Brl,rTl + B(rl)T,lr = B(rl)T,lr~ (714)

Let us now substitute the expressions (7.13), (7.14), (7.4), and (5.5) in the equation
conservation of energy given by expression (3.4) and make necessary arrangements to make
the following field equations linear in terms of uy; and T:

oT ou
poco + (ToPri — Taarar — Fzzkzl)_a:,l = By Tk + po(1 = ug)h. (7.15)

In a composite material reinforced by two arbitrary independent and inextensible fiber
families, where the medium is assumed to be anisotropic, compressible, homogeneous,
dependent on temperature gradient, and showing linear elastic behavior, (7.15) is a heat
transfer equation.

8. Conclusions

As an approach in this study, the stress potential and heat flux vector functions have been
assumed to be analytic and expanded in Taylor series in terms of their arguments on which
they depend. The type and the number of terms taken in the series expansion have been
determined based on the assumption that mechanical interactions and temperature changes
are linear. On the other hand, since the matrix material has to remain insensitive to directional
changes along fibers, even-numbered exterior products of vector fields representing fiber
distributions have been considered. The reference position of the medium has been selected
at the uniform temperature Ty and stress-free natural condition, from which position the
medium has been assumed to move away by small displacements, and small temperature
changes. Accordingly, the forms in spatial coordinates of the constitutive equations of the
stress and the heat flux vector have been presented by (5.14) and (6.17). The constitutive
equation of the stress expressed by (5.14) in terms of the tensor a,, comprised of thermal
expansion coefficients has been expressed by (7.4). To obtain field equations, constitutive
equation of the stress given by (7.4) has been substituted into the Cauchy equation of motion,
yielding field equation (7.7). Values in the equation of conservation of energy given by
expression (3.4) have been substituted into (3.4), yielding field equation (7.15). Solution of the
field equations along with initial and boundary conditions in conformity with the structure of
the problem to be used in practice will constitute the structure of a boundary value problem
to consider. Unknowns in the field equations (7.7) and (7.15), u(x,t), I';, and I';. I'; and I';,
which are Lagrange coefficients, can be calculated using the field equations and boundary
conditions. After u has been designated, the stress distribution is obtained from (7.4). After
the stress distribution is found as a tensor field, the stress vector at a desired cross-section
can be easily calculated from the expression t(), = n, t,-. Here, it needs to be considered that
the fiber distributions ax (x, t) and zk(x, t) after deformation for inextensible fibers in terms of
fiber distributions before deformation are ax = xx xk Ak (X) and zx = xi x Zx (X).

Besides, considering the equations of motion (7.7), we can see the internal thermo-
mechanical forces affecting the medium. Type of the terms on the right is in the dimension
of force per unit of volume. The first term on the right represents force created by the
elastic deformation, the second term is force created by the temperature gradient, the third
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term is mechanical body force, and the fourth and the sixth terms are similar to molecular
considerations in (5.14). The fifth, seventh, eighth, and eleventh terms are forces caused by
curvature of the fibers. The ninth and twelfth terms are forces caused by interaction of fibers
and their curvature with the deformation field. The tenth and thirteenth terms represent
forces caused by interaction of the deformation field with distributions of fiber fields. In other
words, by drawing a free body diagram of a material element in the medium, it is possible
to see all such force contributions acting on the element. As stated before, our field equations
where we can apply initial and boundary conditions for the aforementioned media are (7.7)
and (7.15). A more detailed discussion of these equations will be contained in future works.
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