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1. Introduction

The importance of the study of mixtures was recognized long ago when the basic concepts
of the theory have been established and the possible applications of the mathematical
models have been identified. The origin of modern formulations of continuum thermo-
mechanical theories of mixtures goes back to articles of Truesdell and Toupin [1], Kelly
[2], Eringen and Ingram [3, 4], Green and Naghdi [5, 6], Green and Laws [7], Miiller [8],
and Bowen and Wiese [9]. The theoretical progress in the field is discussed in detail in
review articles by Bowen [10], Atkin and Craine [11, 12], Bedford and Drumheller [13],
and in the books of Samohyl [14] and Rajagopal and Tao [15].

In general, the theories of mixtures describe the interaction between fluids and gases,
and the Eulerian description is used. Thus, the motion of a mixture of two continua is
described by two equations, x = x(X,t) and y = y(Y,?), and the particles X and Y are
assumed to occupy the same position at current time ¢, so that x = y. In contrast to mix-
tures of fluids, the theory on mixtures of solids is developed naturally in the Lagrangian
description and it leads to different results. In this case, the motion of a binary mix-
ture is described by the equations x = x(X,#) and y = y(Y,t), where the particles under
consideration occupy the same position in the reference configuration, so that X =Y.
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The Lagrangian description has been used for the first time by Bedford and Stern [16, 17]
in order to derive a mixture theory of binary elastic solids. In this theory, the indepen-
dent constitutive variables are displacement gradients and the relative displacement. The
Lagrangian description was used by Pop and Bowen [18] to establish a theory of mixtures
with long-range spatial interaction, by Tiersten and Jahanmir [19] to derive a theory of
composites, by Iesan [20] to elaborate on a binary mixture theory of thermoelastic solids,
and by Iesan [21] to develop a theory of nonsimple elastic solids.

A special attention has been paid to include some terms in the basic formulation of
the theory of mixtures in order to reflect the microstructure of the constituents. In this
sense, we mention that the Eulerian approach has been used in the papers by Allen and
Kline [22], Twiss and Eringen [23, 24], Dunwoody [25], Passman [26], and Eringen [27,
28]. On the other hand, Iesan [29-31] studied the mixtures of granular materials, the
porous viscoelastic mixtures, and the interacting micromorphic materials in Lagrangian
description.

In this work, we consider a mixture consisting of two micropolar thermoelastic solids.
By using the nonlinear theory of micropolar media [32—34] and the results established in
(5, 16, 17, 20, 30, 31], we derive the basic equations of a nonlinear theory in Lagrangian
description. According to [32—34], each material point of such materials can indepen-
dently translate and rotate, so that it has 6 degrees of freedom. The rotation is described
by a proper orthogonal tensor.

We recall that in [23], the authors have derived the micromorphic and micropolar
equations and entropy production inequalities for a mixture of any number of con-
stituents in Eulerian description. The theory of mixtures for micromorphic materials is
more general than the micropolar mixture theory, in that it also considers deformation
of material points, requiring 12 degrees of freedom. The results have been used in [24]
to construct the general form of the nonlinear, anisotropic, elastic, constitutive equa-
tions for micromorphic, and micropolar mixtures; as an illustration of a special case, the
specific linear equations for an isotropic two-constituent micropolar mixture have been
presented.

Concerning the mixtures of solids, it is important to have an alternative form of the
theory. It is well known that for a fluid, every configuration of the body can be taken as
reference configuration. So, the present configuration is taken as reference configuration
and the Eulerian description is used to formulate the basic concepts. In the case of a solid,
a configuration of the body is supposed to be known and this configuration is taken as
reference configuration. The Lagrangian description is usually used, although the Euler-
ian description leads to the same theory. The situation changes in the case of mixtures;
the Lagrangian description and the Eulerian description lead to different theories. For
mixtures of solids, it is important to have a theory in which the motion is to be referred
to the known configuration of the body in order to measure the forces and the stresses
and to prescribe the boundary conditions. In this sense, Iesan [31] pointed out that“when
the continuum has a reference configuration B through which it passes at time 1 it is con-
venient to have an alternative form of the theory in which the generalized forces and stresses
are measured with respect to this configuration. In the nonlinear theory this fact is important
for specification of the boundary conditions, since the boundary of current configuration is,
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in general, unknown.” In [31], Iesan presented the basic equations of the nonlinear theory
for binary mixtures of micromorphic elastic solids in Lagrangian description. Then, the
initial boundary value problems were formulated and some uniqueness and continuous-
dependence results were established.

In this paper, we continue the research line initiated in [31] concerning the theory
of micromorphic mixtures developed in Lagrangian description. We focus our atten-
tion to the micropolar elastic mixtures, but we consider in addition the thermal effects.
The intended applications of these kind of theories (see [24]) are to granular compos-
ites, to polycrystalline mixtures, or to polyatomic or polymolecular crystal latices. The
next section is devoted to a kinematical study of the motion in which we present the
measures of deformation and their rates. Then, the balance laws for mass, microinertia,
energy, and production of entropy are constructed. The balance equations are derived
by using an idea of Green and Naghdi [5]. We assume that the two constituents have a
common temperature and every thermodynamical process that takes place in mixture
satisfies the Clausius-Duhem inequality. We consider the following constitutive variables:
the displacement fields, displacement gradients, micromotion fields, micromotion gradi-
ents, temperature, and temperature gradient. By using the constitutive axioms, we express
the dependent constitutive variables in an invariant form and then we use the Clausius-
Duhem inequality to develop constitutive equations. Initial boundary value problems for
the nonlinear theory are formulated. In the second part of the paper, the theory is lin-
earized and a uniqueness result is established.

2. Kinematics

We consider a mixture of two interacting continua s; and s,. The mixture is viewed as
a superposition of two continua each following its own motion and at any time each
place in the mixture is occupied simultaneously by different particles, one from each
constituent.

We assume that at time f, the body occupies the region B of Euclidean three-
dimensional space and is bounded by piecewise smooth surface dB. The configuration
of the body at time ¢, is taken as the reference configuration. We refer the motion of the
body to the reference configuration and a fixed system of rectangular Cartesian axes. We
use vector and Cartesian tensor notation with Latin indices having the values 1, 2, and 3.
Greek indices are understood to range over integers (1,2) and summation convention is
not used for these indices.

The position of typical particles of s; and s, at time f are x and y, where

x=x(X,t), y=v(Y,t), X, YeB, tel (2.1)

Here X and Y are reference positions of the particles and I = [ty,t;), where #; is some
instant that may be infinity.

In this paper, we derive a theory for binary mixture of micropolar elastic solids where
the particles under consideration occupy the same position in the reference configura-
tion, so that X = Y. The translations of the body are described by

x=x(X,t), y=v(X1t), XeB, tel (2.2)
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We stress that in the continuum theory of mixtures, the constituents are not physically
separated and in consequence a great care must be exercised to preserve the generality
that the constitutive relations for a given constituent depend upon the state variables of
the other. This is not the case for multiphase materials or immiscible mixtures where
the constituents remain physically separate on a scale which is large in comparison with
molecular dimensions and in some local sense each constituent will obey the constitutive
relations for that constituent alone.

We imagine that each particle of the mixture can also independently rotate. Just as the
functions x;(X,t) and y;(X,t) specify the translation of each material particle of the mix-
ture from the reference configuration, following [32, 33], we introduce proper orthogonal
tensors that specify the rotation of each material particle from reference configuration.
Let a particle of the constituent s, occupy the position X in the reference configuration
and let E;?) be an arbitrary vector at X associated with this material particle. In the con-
text of micropolar continua, the above Vector can rigidly rotate with the particle to the
vector f,ﬁ“). Then we may write E,E = XkK £, where x'9 is proper orthogonal, that is,

X = ok, XI(I?)X% = dij, ELMNXIL X Xon = Elmn (2.3)

and completely describes the rotation. In the above relations, §;; and dx; are Kronecker

deltas and €ppn and €y, are alternating symbols. The tensor X,S‘? (X, 1) is usually called
micromotion (see [33]). Thus, the motion of a micropolar mixture is described by

xi=x(X0), yi=yX0, x@=y2Xt), XeB, tel, a=1,2 (2.4)

We suppose that the above functions are sufficiently smooth for the ensuing analysis to
be valid.
The velocity and acceleration fields associated with constituents s; and s, are

Vo x(X0,  al =x(X,1), (2.5)
VEZ) = ).}i(X) t)) aEZ) = )’z(X, t)) (26)

respectively, where f denotes differentiation of f with respect to t holding X fixed.
In view of the relation (2.3), we introduce the skew-symmetric tensor

v,(}x)(X,t) le?)(%) vg;-x):—v;‘f). (2.7)

The corresponding angular velocity is given by

@__1_ @
7Y = 26,]kv]z (2.8)
From (2.7) and (2.8), we deduce
|
v = —Eeiij%)Xz(J?a (2.9)

W = e - (2.10)
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We note that a rigid motion of the mixture is described by the relations

xi(X,t) = Qix (1) Xk + ¢i(t), yi(X,t) = Qix () Xk +Ci(1),

(2.11)
AW D) =Qi(),  y2X) = Ql(t),

where Q is proper orthogonal. For rigid motions, from (2.10) and (2.11), we obtain

1 2 1 2
() - eijkbjxk+ci, Vf ) = eijkbjyk+cia v,(» ) = 1}5 ) = b, (2.12)

where b; is the axial vector of the skew-symmetric tensor Qix Qjx and ¢; = ¢; — Qix Qjk ;-

Later in this work, we shall need the concept of change of frame. We say that two mo-
tions of the mixture described by the functions x;(X, ), yi(X,1), X,(Ioé) (X,1), and X;(X,t),
yi(X,t'), )N(floé (X,t"), respectively, are equivalent if

B(X,t) = Qi()x (X, +ailt), i (Kot = QR (K1), .
2.13
Yi(X,t') = Qij (1) yj(X,t) +ci(t), )N(EIZQ(XJ') = Qij(t)X;?(Xat)) t'=t—a,

where a is a constant, ¢; represent a translation, and Q is an orthogonal tensor. In fact,
the motions are equivalent if they differ by the reference frame and by the reference time.
Let us introduce the following measures of deformation:

Exi = Xi,Kngl) —0kL Gk = }/i,KX,(i) —Ok1 Dk = Xl(-11<) (xi = yi)s
(2.14)

(1) (1), (1) (2) (2) (1), (2)
2l = €ELMNXiN XiM.K> 2k = eLMNXINXlM K> Axr = Xik Xit' — Okt

In the case of a single micropolar medium, the strain measures are E and 'Y and their
rates as well as their geometrical significance are examined in detail in [32, 33]. E and
I'Y are called the Cosserat deformation tensor and wryness tensor, respectively. In the
context of the theory of micropolar mixtures, we introduce further the measures D and
A which describe relative motions of constituents (translations and rotations). Moreover,
for reasons that will be obvious in the next section we use the tensor Gk for the second
constituent instead of the Cosserat deformation tensor E}?ﬁ = yi,Kxﬁf) — Ok1. As regards
the kinematics, this is unimportant since EgL) can be written in terms of Gxr and Ak in
the form

KL = J’zK(Sz]X]L SkL = Vi, KXS}X]MX?L) Oxr = GkmAmr + Grr + Akt (2.15)

It is easy to see that two motions described by the functions x;(X, ), yi(X, 1), Xf}? (X,t),and
(X)), yiX,t'), )Ngl(;’(‘ (X,t"), respectively, and related to (2.13), produce equal measures
of deformations.
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The time rates of E, G, T'“, D, and A computed from (2.3), (2.5), (2.9), (2.10), and
(2.14) are

EKL—X:L ( K)+€1]kx]1<v;c))) GKL—XIL ( K)+€1]ky]Kvl(<))’
(1) @, 1) (2) (2),(2)
Txr = xie vik> Tki = XiL Vik> (2.16)
(1)) _ ( ) (1) (1) (2)
= Xixk \V (v; +€1]k( )’]) ), Ak = elijmKX1L ( i Y ).

If these rates are zero, then the differential equations can be integrated. Following [32],
we deduce that the solution is a rigid motion of the form (2.11).

By using the relation (2.3) and the properties of the alternating symbol, from (2.16)
we obtain

(1) (1) (2) (1)
Vik T €ijkXj,K Vg _XzL I zK+€ka}’1KVk _XzL Gk1,
(1) (D)y-(1) 22 (2)-(2)
Vik = Xir Tk Vik = Xir Tk (2.17)
(1) (2) (1) (1) (1) (2) (2)
vi =" +eik(xi - y) v = xik Dk, v — el]mX]KXmLAKL

3. Basic laws

In this section, we postulate the balance laws of micropolar mixtures and then we derive
the local balance equations. We consider the following balance laws: conservation of mass
for each constituent, conservation of microinertia for each constituent, conservation of
energy for the mixture as a whole, and law of entropy. We suppose that the mixture is
chemical inert so that we do not consider the axiom of balance of mass (or microinertia)
for the mixture. The balance of momentum and balance of moment of momentum for
each constituent are derived following an idea by Green and Naghdi [5]. As regards the
entropy production inequality, we suppose that the constituents have a common temper-
ature, so that the axiom involves only the statement concerning the mixture as a whole.

We consider an arbitrary material region P, of constituent s, at time ¢ bounded by the
surface dP,, and we suppose that Py is the corresponding region at time fy bounded by
the surface 0Py. The equation of balance of mass for the constituent s, is

%L pAv = L Madv, (3.1)

where p is the mass density of the constituent s,; and m, is the rate at which mass is
supplied to s, per unit volume from the other constituent. In this paper, we assume that
mass elements of each constituent are conserved so that m; = 0 and m, = 0. The relation
(3.1) can be written in the form

d

it Po] p, AV =0, (3.2)
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where

axi 8 i
Ja) = det <8XA )> Ji2) = det (3))(/14 ) (3.3)

With the usual assumptions, from (3.2) we deduce

Jopr =9 Jops =P (3.4)

where p? is the mass density of the constituent s, at time f.

Since each material particle of the micropolar mixture is envisioned as a rigid particle,
we ascribe to the particle of constituent s, that occupy the position X in the reference
configuration a material inertia tensor Ik (X), which is symmetric and positive definite.
At time t, the inertia tensor of the particle in consideration is denoted by i,(cll)(x,t) (if
the material particle belongs to constituent s;) or i,(j) (y,t), otherwise. Conservation of
microinertia is stated as [32, 33]

dtJ Paiky Kiexit dv =0, (3.5)

If we proceed as above, from (3.4) and (3.5), we deduce
IKL = lk?)xi‘}?xﬁf)- (3.6)

(@ the above relation leads to

In view of (2.10) and symmetry of i;;",

dil?

ij (o) (o)
dt Bl <€imﬂlnj +€jmn1ni )’VE,S). (3.7)

Following [7, 30], we postulate an energy balance at time ¢ in the form
d < 1 1
%Z J;, pa(eJr Ev,“)v, 3 ,] Tyl )dv

=Z[ Papa(F() '+ G +r)dv+J

(£93@ 4 @@ 4 q(“))da],
0P,

(3.8)

where e is the internal energy of the mixture per unit mass; F(* is the body force per unit
mass acting on the constituent s,; G'* is the body couple per unit mass; r is the external
volume supply per unit mass per unit time; t is the partial stress vector; m® is the
partial couple stress vector; and g is the heat flux per unit area per unit time associated
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with the constituent s,. By using (3.4), we may write (3.8) in the form

iz

(@) 1()
Pnpa<e+ v va+5 )dV

v 4+ G +r)dV+J (T + M9\ 4 Q@) g ]
oPy

(3.9)

where T@, M@® Q@ are the partial stress, the partial couple stress, and the heat flux,
respectively, associated with the surface dP, but measured per unit area of 0Py. From
(3.9), we deduce

ZJ P2 e+v a +z(“)v(“)v§ ))dV

z ) () )
=§[ Y4 G +r)dV+LPO(T D4 M@y 4 Qg ]
(3.10)

In (3.10), we used (3.7) to obtain (1/2)(dif;/dt)V\" %" = €imvi’ v} iy) = 0.

Let us now require that the expression given by (3.10) is invariant with respect to the
rigid motion of the body (see (2.11) and (2.12)). Consider first motions of the mixture
that differ from those given by (2.4) only by superposed uniform rigid body translational
velocities, the continuum occupying the same position at time . We assume that this
motion does not lead to any changes of the quantities p?, e, i ,(J“), F G r, T, M™,
and Q. Thus the relation (3.10) is also true when v(® is replaced by v(% + , so that by
substraction, we have

2

G, UP po(a® —F¥)dv - T,»(“)dA] =0, (3.11)

a=1 ( 0Py

for all arbitrary constants ¢;. We deduce

2
S| pa-Fav- | 1¥aa| -0, (3.12)
0P,

a=1 Po

for arbitrary region Py C B. From (3.12), by usual procedures, we obtain

1 - (1) 4 T8N, (.13

where T}{? is the first Piola-Kirchhoff partial stress associated with constituent s,; and Nx
are the components of the unit outward normal vector to the surface dPy. It follows from
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(3.12) and (3.13) that

2
Z ,K+pa “)—a,(“))]=0. (3.14)

If we write the term T )+ T ) in the form
TV + T = (10 + T 0 +?) + (10 -T2 ) =), (3a1)

and use (3.13) and (3.14), then (3.10) reduces to
1
J‘ | o+ 5 (pa = p%a®) (47 =) = 3 (0" = 2 (7 =17
—fﬂﬂﬁﬂ“)(K+nK]dV+zJ pL(IVI VY — G —r)dv

1
= [ [0 =T 00 ) e MO+ M +Q da
0
(3.16)

where
Po=PY+ P2

0 os g (3.17)

By using an argument similar to that used in obtaining the relation (3.13) from (3.16),
we deduce

SITY =1 = (1) = TN 4 =) + (M = MEIN) !
(3.18)
+ (M~ M Ne)v? +Q - QeNk =0

where M };? is the partial couple stress tensor associated with the constituent s,; and Qg
is the heat flux vector. Using (3.18) in (3.16) and applying the resulting equation to an
arbitrary region Py, we obtain

poé—Z(T ViR + MV + R + P (v = vP) + Qi +pyrs (3.19)

a=1
where

1 1 ) (2) @)
b= E[Tlgi,K"'P(l) - pla; Y — Txix — PSE +pda;”],
(3.20)
(o) (o) (@) (o) « (@)
R = Mk +poGi* —Pgli}x vj“'
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Assume now that the expression (3.19) is invariant with respect to a rotation of the body
with a constant angular velocity b. Thus, by using (2.12), we suppose that

8vfl) ot

1

ax]‘ an

avfz) av(”
9y; 9y;

+€jisbs> bs,

(2) (2)

”, —»vf»”+b,», Sy m_, @ m_ @

7+ bi, Vi =V Vi +€jisb5(xj_yj)~
(3.21)

Introducing the above into (3.19) and assuming that the quantities p,,, e, TK, ) K, , P,

RE“), r, and Qg x remain invariant, by substraction, we obtain
Rgl) + R£2) + Esji[TI(gi)x]‘)K + TI(<2i)yj,K +Pi(Xj — )/])] =0. (322)
By using the relation (3.22), we have

ROW + RO = (R + R — R (1) — 1)

S

1 2
= €ai [ Tl xjac + Ty + Pioej = ) o) = R (01 =),

(3.23)
From (3.23), we can write the energy equation (3.19) in the form
; 1 (1)
p08= ()( 1K+€1]kaKVI(( )+TK1( 1K)+€’]ky]KVk )+MI(<1) 1(K+MK1 11@ ( )
3.24

+ P = e (= )% ] = RP 07 =) + Qe+
Moreover it follows from (3.14), (3.20), and (3.22) that the equations of motion are

(1) (1) (1)
TKi,K*Pi"'P?Fi =pla;’,

(2) (2) (2)
TKi,K+Pi+ngi :P(z)ai >
(3.25)

(1) (1) (2) (2) (1) (1) . (1)
Mycix + €ijs[ Ties Xk + TKs)’j,K +Ps(xj = yj) | +R; +p]G; :P(l)lij Vi

) (2) +(2) - (2)
Myix — +P2G —P(z)g Vi’

We assume that the constituents have a common temperature and we adopt the fol-
lowing entropy production inequality(see [30, 35]):

d r ()
2 [E L puntdy = JP %dv - LP q@ da] =0 (3.26)

a=1
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where # is the entropy per unit mass of the mixture and 0 is the absolute temperature.
The relations (3.4) and (3.26) yield

poidV — JPO dv — f QdA>0 (3.27)
Py BP()

Py

From (3.18), we deduce
Q = QxN«k, (3.28)
and the inequality (3.27) reduces to
1
Pobi1 — por — Qrx + EQKG,K > 0. (3.29)

The relation (2.16) and the second Piola-Kirchhoff quantities, defined by

(1) 1),(1) (2) (2) (1) (1), (1) ) (2)
Tyxi = Txrxin » Txi = Tx XtL J My = Mixii > Mg MKLX:L >
Pi=Pxxiks  RY = —€impmkit Rices
(3.30)
may be used to write the equation of energy (3.24) in the following material form:
poé = TR Exr + T Gre + MU + MATR) (3.31)

+ Q)KDK + %KLAKL + QK,K tpot-

Let us introduce the Helmholtz free energy Y = e — #0. Then the energy equation
(3.31) may be written in the form

pO(Y+971+0i1) = T1(<1L)EKL+T1(<2L)GKL+ r§<1£+MKLrKL

_ . (3.32)
+Px Dk + R Akt + Qk.x tpor.

With the help of (3.32), the inequality (3.29) becomes

. . . (1 2 . . . i 1
TI((lI?EKL + TI(('ZI),GKL +MI(<II),F;<I), +M(2)I‘§<2 + @KDK +9RKLAKL — pOY — p091’] + EQKG’K > 0.

(3.33)

The quantities TI(<“L), M}fL), Pk, Rkr, Y, 17, and Qg must be prescribed by constitutive
equations.
4. Constitutive equations

In this section, we will state the constitutive equations that serve to classify the particular
types of mixtures to be studied throughout the remainder of the paper. To be concrete,
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we assume that the mixture is consisting of two simple thermoelastic solids. According to
basic postulates, the independent constitutive variables are

@ @
A= (xl’le’yl’le’XtK’XI(K)LJXSK)’XSK)DG 0 x5 Xk ). (4.1)

So that, the constitutive equations are

TE = TE (), MG =ME(A),  Px=Px(sd),  Rxp =Ryr(sd),
Y = Y(&Q), n= 11(&4,), QK = QK('%)a

(4.2)

where the constitutive functionals are assumed to be sufficiently smooth. For homoge-
neous continua, the response functionals do not depend on X explicitly.

Let us now consider the restrictions imposed by the axiom of material frame-indif-
ference. Following this principle, the constitutive functionals are form-invariant under
the rigid body motions of the spatial frame of reference (see (2.13)). So that, by con-
sidering a translational motion of the frame of reference described by the vector ¢;(t) =
vi(Xk,t), then we conclude that the constitutive functionals depend on x; and y; only
through the relative displacement x; — y;. Moreover, if we consider a rotation of the form
Q= [x(l)]T, where [X(U]T denotes the transpose of ¥V, and take into account the fact
that

XzMXfI?L = Xz('l)al]XjKL = XzMXzNX%\)IXjKL = f(AKL’r%)) (4.3)

then, in view of (2.14), it follows that TKL, KL, Pk, Rkr, Y, 1, and Qg must be express-
ible in the following invariant form:

T = T (Eains Garns Tk Tines Dars A 6, 0,0,5 Xar),
MI((IXE = M (EMNr GMN)FMN)FMNaDM)AMN)O: e,M;;XM)a
ngg) = 9) (EMN)GMN)FMN)FMN)DMaAMN)G)O,M>;XM))

@ _ (@ n) @ .
%KL - %KL (EMN) GMN)rMN)rMN)DM)AMN) 6) e,MnXM)) (44)

Y = Y(EMNa GMNarMN)r]\fI)N:DM;AMNa 0’9,M>;XM))

_ (1) (2 .
77 - W(EMN) GMN)FMN)FMNaDMaAMN)9> Q,M))XM))

QK = QK (EMN)GMN>FE\}[)N)F§\3[}\]>DM>AMN> 91 e,M))XM)



C.Gales 13

With the help of (4.4), inequality (3.33) becomes

do \ .- do \ . do \.(
(14— 5 o+ (1~ 5 ) Gon e (M- 255 )

JE G Iyl
2) 30)- < 80)- ( Bo).
+ (M r P D+ (R — = |A .
( KL~ o) ket |7k — aDg ) K KL~ Jp, )KL (4.5)
do do
~(oon+ 55)0- g b+ gt =
where o0 = p,Y.
From (4.5), we deduce
o= U(EMN,GMN,r%\/,r%\],DM,AMN,Q;XM), (4.6)
T _ o0 (2) _ 00 (@ _ 00
KL= 3ExL’ KL= 3GeL KL TF%L) >
(4.7)
do do do
@K_ﬁa QRKL_aA P()’/I__Ea
Qxbk = 0. (4.8)
The inequality (4.8) implies
Q (EMN1 GMN7FMN)FMN)DM)AMN76)0);XM) =0. (49)
From (3.30) and (4.7), we obtain
do do do do
T _ 0 RGO (Y , W _,m 99 @ _ 90
Ki XiL aEKL Ki XiL aGKL Ki XiL argz = XiL aI,KL
aa 80 do
Pi lK aD R(Z) _ellmXE'nl}(ng) aA Poll = _E‘
(4.10)
In conclusion, the constitutive equations are (4.6), (4.10), and the equation
Qk = Qi (Enin> Gyins Ty Thes Dot Aaan 05 0,055 X ). (4.11)

to

We note that by using the relations (4.6) and (4.7), the energy balance (3.32) reduces

Po071 = Qr x +pyr-. (4.12)

The complete system of field equations of nonlinear theory consist of the equations of

conservation of microinertia (3.6), equations of motion (3.25), energy equation (4.12),
constitutive equations (4.6), (4.10), (4.11), and the geometric equations (2.14). To these
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equations, we adjoin boundary conditions and initial conditions. In the case of first
boundary value problem, the boundary conditions are

Xi=%Xi  YVi= Vi X,@}Q=;N(§}<), X§12<)=)N(512<), 60=0, onoBxI, (4.13)

where X;, ¥i, )N(g(), )N(E?, and 0 are prescribed functions. In the second boundary value prob-
lem, the boundary conditions are

(T + TNk =Ty - yi=d, (M) +ME)Ng = M,
4.14
W2 _ R o~ (4.14)
Xix Xii. = Akr,  QkNk =Q, ondBXI,

where T"i, d;, ]\7{, ZKL, and (3 are given and ZKL is proper orthogonal.
The initial conditions are

x(X,0) =x(X),  yi(X,0) = y(X), 1w (X,0) = ¥ *(X),
%(X,0) = v (X),  5i(X,0) = v (X), »Y(X,0) =" (X), (4.15)
n(X,0) =1°(X), X €B,

0 0 0 . .
where xl R y, R X:I‘? , Vi (a) R v;“) ) 110 are prescribed functions.

5. The linear theory

In the following, we linearize the above equations. We use the notations

f

Xi = 0ix Xk, Xz] 6]1()(,[() fn (5-1)

where §;k is the Kronecker delta. We have
x; = X;+ u;, Yi= Xi+wj, (52)

where u; and w; are the displacements vectors associated with s; and s, respectively. We
denote

T=0-T,, (5.3)

where T is the constant absolute temperature of the mixture in the reference configura-
tion. Being concerned with first-order approximations, following [33] (see (1.2.19) and
(1.6.6)), we take

%]—5 — €559, (5.4)
where @ is the microrotation vector associated with the constituent s,. We suppose that

~ )

u; = llj, w; = ewj, T =¢T, (pg = 8%@, a=1,2, (5.5)
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where ¢ is a constant small enough for squares and higher powers to be neglected and i,
W, T, and %@ are independent of ¢. It follows from (2.10), (5.4), and (5.5) that

P =, (5.6)

Moreover, the strain measures Exr, Gkr, Dk, FE?L), Ak, defined by (2.14) reduce to

eji = tij + €59V, gji = Wij + €l di = uj —wi,
(@ _ («) (5.7)
29 29
Yii =9ji> Ajj = €ijs(9lV — 9P),
and the microinertia tensor 1 Vi given by
il =1, (5.8)
If we introduce the notations
1 2
tji = 6jKTI(<i)) Sji = 6]'KTI(<1')’ m;z = 6 MKz >
(5.9)

pi= p;, R; = —REZ); qi = 0ik Q.

then the equations of motion (3.25) and the energy equation (4.12) can be written in the
form

op(l) _ 0
tjij — pitp Fi " = pyiti

(5.10)
sjij + pi+pSF = pli,
( 1)..(1
mip; + €ilti il = Rt pl G = P15, (5.11)
, .
]z]+9R +P0G()_P211] ?’] ’
poTofl = i+ por. (5.12)

Since A;; is skew-symmetric, we may consider that o depends on the following variables:
0= O'(eijsgijﬂ/g})a)/,('Jg):db”i, T;Xi), (5.13)

where
=) —p?. (5.14)

Collecting (4.10), (5.4), (5.5), (5.7), (5.9), (5.13), and (5.14), we deduce

o do .= do @ _ do
Tooey” T oggt T gyl
(5.15)
_ 90 _ 00 g 000 00
Pi=oa>  PIT " 5p W om Ay o
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Assuming that the initial body is free from stress and couple stress, in the context of
linear theory, we have

1 1
o= EAijrseijers + Bijrseijgrs + icijrsgijgrs

2
1@ @) (
+ Z (ED,-;‘,S)/; yﬁs +F1]arselj)/rs) +Hl]rsg1]yrs
a=1
1
+D,],Sy,(])yr5 += a,]dd + = b,]T[ 7+ cijdim + aijre;jdi (5.16)
+b’JkelJ7Tk+Cng’]dk+dl]kg’]ﬂk+a1]kYI] d +ﬁ1]k)/1] Tk +a1]k)/1] d

@, @ 1 (1)
+Biyii ke — Ea*T2 - (oc,»*;-eij+ﬁ;kjgij+v,-"jy,-j +yl]y,] Vb r¥di+orm)T,

i =kij T,
where the constitutive coefficients have the following symmetries:

Aijrs = Arsij) Cijrs = Crsij> D(D‘ D(a

ijrs rsij>

(5.17)
aij = dji, bij = bji.

From (5.13), (5.15), and (5.16), we obtain the following constitutive equations:

2
tij Al]rsers + Bl]rsgrs + Fl]rsyrs ijrsyis) + aijkdk + bijkﬂk - (x;kf T,

(1) (1 (2)+C,‘jkdk+dijkﬂk _/))?;T>

Sij = Bysijers + Ct]rsgrs + Hz]rsyrs ijrsyrs

Y (1) ¢!
mi; Frst]eVS +Hrst]gf5 +Dtjrsyrs) +Dljrsyrs + ‘xz]kdk +ﬁgkﬂk - vl]T
2) () 2
ij Frszjers +Hr51]gfs +Dm]y(1) +D1]rsy( ) +a1]kdk +ﬁ11kﬂk _nuz]

(1) *T
pi = a,]d]-f-c,]?l]+a]k,€]k+C]k,g]k+0(jklyﬂ +(X]“)/Jk - Zi 5

1 2 2
Ri = cjidj + bijm + bjkiejk + djkigik +/3]k1)’§k) +ﬁ§k)iy;k) -0o/T,

_ % * * 5 (1) % ,,(2) * *
pott = a* T +agjeij + B igij +viyi; +uj;yi; +7i di+ o] i

qi = kijT.

For isotropic solids, odd-order constitutive tensors vanish and even-order tensors can

be constituted by the products of §;;. We also note that e;;, gij, d;, 0, tij, sij, p; and 7 are
polar tensors, while yl(;-x), i mg-x), and R; are axial tensors. By examining (5.18), we find
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that the only surviving isotropic material constants are

Aijrs :/ll(sij(srs*' (//51 +K1)8iraj5+[/‘16i36jra Cijrs :/lzaij(sr5+ (,u2+K2)6i75j5+//l28i56jr3

D = “18118rs+y161r8]s +ﬁ181s81r, D1]r5 = 0‘281]8r5+)’261r8]5 +ﬁ281351r>

1]rs

1]1’5 = V(Sz](srs + 5811'6]5 + CSIS(Sjr) D1]r5 = “381]8r5 + )/381r6]s +ﬁ3azs6]r:

0 0
ajj = adij, bij = bdij, bijk = b €iji, dijk = d €ijks
M _ 0, (2) _ p0_ * _ %S * _ pko

Qiji = & €ijk Wik = P €ijks i = a*8yj, B” =B~ 6ij.

Hence

1 1 1
0 = Shieiejj+ o (uy +rr)eijei + S eijeji+veig; +&eijgi +eijgji

1 1 1
5 hagigji + 5 (s +K2)8iigij + S i

1 w Loomm e mom
3 ‘le:x y]] Eyl))ij YVij +Eﬁ1y1] Vji +“3Y1t y]]

1,2 @, | e NE)) ©)
T3V B Y+ a ViV + 5y v */32%] i
1 1 0 0
+Eadidi+£bﬂiﬂi+b Gijkeijﬂk-l'd Eijkgijﬂk

1 0 2 1
+0(O€,‘jky§j)dk +ﬁ eijk)’;(j)dk — Ea* T? — ((X*ei,'-l—ﬁ*gi,')T.
The constitutive equations reduce to
t,‘j = )Ller,&j + (yl + Kl)e,‘j +[/t1€ji+ Vgﬂ(s,'j +Egij + (gji + bOEijkT[k —a* T8ij,

Sij = verréij +f€,‘j + Ce]‘,‘ +A2gw8ij + (/42 + Kz)g,‘j +‘142gj,‘ +d0€ijk7fk _ﬁ*T(Sij)

(1) (1) (1) (2) (2)
mi; —“lyri)811+)’1)’ij +B1yji +“3)’(2>51/+)’3)’i]‘ +B5yji +“0€ijkdk’

2) 2 (2) (2) 0
= asyV8s +yspt) +Bsy )+ any @i+ y,01 + By + Be sk

m
(1 0 2)
pi = adi+a €y + B0y i
gﬁ,‘ = b?'[i + bOEjkiejk + doejk,-gjk,
Poll = a*T+a* ei; +ﬁ*g,',',

qi = kT,,‘.

(5.19)

(5.20)

(5.21)



18 Mathematical Problems in Engineering
From (4.8), we deduce
k> 0. (5.22)

Thus, the basic equations in the linear theory are the equations of motions (5.10) and
(5.11), the energy equation (5.12), the constitutive equations (5.18), and the geometric
equations (5.7) and (5.14). In the case of first boundary value problem, the boundary
conditions are

U=, wi=w, @ = (7)5“ , T=T, ondBxI, (5.23)

where ;, W;, %ga), and T are prescribed functions. In the second boundary value problem,
the boundary conditions are

(tji+sj)nj =1, (m(a)er( )n; = it
. (5.24)
d,‘Zd,‘, ﬂi:%b qini=c7, on 0B X1,
where %, m1;, (1Ni, 7i; and q are given. The initial conditions are
wi(X,0) = 3(X), wi(X,0) = bi(X), (X,0)=&X), Wi(X,0) = fi(X)
(5.25)

o7 (X,0) =97 (X), ¢7(X,0)=a"(X), T(X,0)=T(X), XeB,

)

. A P A~ 7 Ala A~ oS .
where the functions aj, b;, ¢, fi, 1//5 ), @;"’,and T are prescribed.

6. Uniqueness theorem

In this section, we will establish a uniqueness result in the linear theory. It is indifferent
which instant ty is selected as the initial one and hence we choose t;, = 0. Let us introduce
the following notations:

1 1
U= EAijrseijers + Bijrseijgrs + Ecijrsgijgrs

) (3) (1)
+ Z( z]rsylj Yrs +F1]‘tselj)/rs +Hz]rsg1]yrs ) ijrsyij )’g)
(6.1)

1 1
+ Ea,‘jd,’dj + Ebijﬂiﬂj + C,‘jdiﬂj + aijke,-jdk + b,‘jkeijﬂk + Cijkgijdk

+d’]kg1]ﬂk+“1]kyt] d +/31]le] Tk +(x1]k)/1] dk+ﬁ1]k%] ks
_1 (1) @, * 72 d
E=3 (plu u1+p2wlw,+p11,j ! <p] +p51, 1] Do, (p '+ a* T +2U)dv. (6.2)

THEOREM 6.1. Assume the following:
(i) p% and a* are strictly positive and Ii(]fx) is positive definite;
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(ii) the constitutive coefficients satisfy symmetry relations (5.17) and the inequality
k,’jT’iT’j > 0; (6.3)

(iii) U is a positive semidefinite form.

Then the initial boundary value problem defined by the equations of motion (5.10) and
(5.11), the energy equation (5.12), the constitutive equations (5.18), the geometrical equa-
tions (5.7) and (5.14), the boundary conditions (5.23) (or (5.24)), and the initial conditions
(5.25) has at most one solution.

Proof. In view of the (5.17), (5.18), and (6.1) we deduce

. 0
t,je,J+s,]g,]+m,J y,] +m,(] ysz)ﬁ-p,d +Rimi+poiT = §< a T2+U) (6.4)

On the other hand, in view of (5.10), (5.11), (5.12), (5.7), and (5.14), we obtain

2 .
t’]e’J+SIngJ +m11 y:] +mz] YS])'f’pzd +g{in’i+P0}7T

. . . (1 2.2, 1 a 1. (1
= (tj,-u,'+sjiwi+m;i)(p§ )+m§i)(p§ )+?0q] ) +p1F )u,+ng, w,+p1G( (p,)

10
+p9G 9 + OporT—Eg(PluuﬁPzszﬁp 1799 + 31 917 9)
1
(6.5)
Then (6.4) and (6.5) imply
10
zat(pluzuﬁpzwzwzwl 179" 95 + P31 9179 +a* 17 +2U)
1 . 2) . (2
+T0kijT =piF; ”1+P2 W1+P1 (Pz( +p5G ()‘Pf) OPOrT
(6.6)

+ % [(fji +5ji) (1 +wi) + (£ — sji) (2 — i)

@ _ (2))((P( )

. . 2
+(m(l)+m(2))(¢ )+(P1('1))+(mji m]z i _(P1§2))+T0qu] -
)

By an integration of the above relation over B and by using the divergence theorem and
(6.2), we obtain

E+J Tk,]TT AV = J (pOF(1u+pOF( i+ p0G o 196G 01 + pOrT>dV

1 :
+§J [(fji+5ji)(ili+wi)+(l‘ji—Sji)di+(m(l)+m ?)
aB

. . ., 2
X (9791 + ) =+ 2y |y

(6.7)
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Let us suppose that there are two solutions {1u,-,1w,-,1(p§1), 1¢§2)’1T} and {2u;,*w;,

2<p§1),2(p§2),2T}. Because of the linearity of the considered initial boundary value prob-

lem, their difference P = {ﬁi,Wi,@(l),@fz),T} corresponds to the null data. It follows from
(5.23), (5.24), and (6.7) that

- 1 [
E — ,"TiT‘ =0, .
+JBTOk, T dV =0 (6.8)

where E is the function defined by (6.2) associated with the process 2. In view of the
inequality (6.3), we deduce E < 0 on [0,1), so that E(t) < E(0), t € [0,t;). From the initial
conditions, we find E(¢) = 0 and therefore E(0) = 0, ¢ € [0,t,). The hypotheses (i) and
(iii) imply u =0, w = 0, ¢(1) =0, é(z) =0, T =0 on Bx[0,1). Since 1, w, ¢, ¢
vanish initially, we conclude thatu = 0, w = 0, ¢(1> =0, ¢(2) =0,T=00nBx[0,t;) and
the proof is complete. O
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