symmetry

Article

Some Results in the Theory

of a Cosserat Thermoelastic Body

with Microtemperatures and Inner Structure

Marin Marin *, Sorin Vlase ?, Eduard M. Craciun 3, Nicolae Pop # and Ioan Tuns °

check for
updates

Citation: Marin, M.; Vlase, S.;
Craciun, E.M.; Pop, N.; Tuns, I. Some
Results in the Theory of a Cosserat
Thermoelastic Body with
Microtemperatures and Inner
Structure. Symmetry 2022, 14, 511.
https://doi.org/10.3390/
sym14030511

Academic Editor: Igor V. Andrianov

Received: 7 February 2022
Accepted: 28 February 2022
Published: 2 March 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Mathematics and Computer Science, Transilvania University of Brasov,

500036 Brasov, Romania

Department of Mechanical Engineering, Transilvania University of Brasov, 500036 Brasov, Romania;
svlase@unitbv.ro

Faculty of Mechanical, Industrial and Maritime Engineering, Ovidius University of Constanta,

900527 Constanta, Romania; mcraciun@univ-ovidius.ro

Institute of Solid Mechanics of Romanian Academy, 010141 Bucharest, Romania; nicolae.pop@imsar.ro
Department of Civil Engineering, Transilvania University of Brasov, 500036 Brasov, Romania;
ioan.tuns@unitbv.ro

*  Correspondence: m.marin@unitbv.ro

Abstract: This study is concerned with the theory of Cosserat thermoelastic media, whose micro-
particles possess microtemperatures. The mixed initial boundary value problem considered in this
context is transformed in a temporally evolutionary equation on a Hilbert space. Using some results
from the theory of semigroups, the existence and uniqueness of solution is proved. In the same
manner, it approached the continuous dependence of the solution upon initial data and loads. From
what we have studied, neither on the internet nor in the databases, we have not found qualitative
issues addressed regarding the mixed problem in the context of the theory of thermoelasticity of
Cosserat environments, in which the contribution of inner structure and microtemperatures are taken

into account.

Keywords: cosserat thermoelastic body; microtemperatures; micro-particles; semigroup; continuous
dependence

1. Introduction

The study of elastic materials with microstructure was initiated by the French Cosserat
brothers in a famous book that was published in 1909. Recently, this theory has been
addressed in a large number of specialized studies. Eringen attached great importance to
these environments (for instance, [1]), which improved the theory of these environments
by adding a conservation law for the tensor of inertia. In this way, he laid the foundations
of the theory of micromorphic continua. Important results on the Cosserat media are
presented in the works [2-5]. For instance, in [2], the authors give explicit solutions for
surface waves propagation in a homogeneous half space filled with an isotropic Cosserat
elastic material. Additionally, in [5], in the framework of the linear theory, a uniqueness
result and a solution of Galerkin type are established. In classical theories, the fact, that the
reaction of a body to some external actions is influenced by the intimate structure of that
body, is ignored. In the theory of Cosserat bodies, there are three extra freedom degrees for
the “rotation” of the points in the media. In this way a new tensor appears—the couple
stress tensor, which completes the classical stress tensor. We should give some examples
of bodies with a microstructure, in order to point out how important it is to consider the
micromotions. So, we have: polymers, suspensions, crystals, composites, grid and multibar
systems, or blood. Another theory in this regard is the theory of microstretch materials
(for instance, Eringen [6]). This is an extension of the Cosserat theory, and a particular
case of the theory of micromorphic media, in which there are considered three deformable
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directors that only have microdeformations of the breathing type. Some results on bodies
with a microstructure can be found in [7-10].

For instance, in [8], in a microstretch material, a Toupin-type measure associated
with the corresponding steady-state vibration is used, and by assuming that the angular
frequency of oscillations is lower than a certain critical frequency, it is shown that the
amplitude of the vibrations decays exponentially with the distance to the base.

All of the above generalized theories have a common aim, namely, to eliminate the
disagreements between the experiments and the classical theory of elasticity. The contribu-
tion of the microstructure on the media’s overall evolutions was first noticed in the case
of graphite, human bones, polymers, and granular materials with large molecules. Other
discrepancies that should have disappeared are those observed between short wavelengths
and elastic vibrations of high frequency.

The first studies dedicated to the theory of media having microtemperatures were
published by Grot (for instance, [11]). He proposed a theory of solids with a microstructure,
in which each microelement is endoved with microtemperatures. As a consequence,
the inequality of the entropy production has been modified to evidentiate the presence
of the microtemperatures. Additionally, together with the known energy equations of
bodies with microtemperatures, the first-order moment of the equations of energy has been
considered. There are many studies dedicated to the thermoelasticity of media having
microtemperatures, such as Refs. [12-14].

In [14], in the context of a linear theory of thermoelasticity with microtemperatures,
the basic boundary value problems of steady vibrations are investigated using the potential
method. For different results regarding the inner structures of materials, we recommend
the studies [15-22]. In [16], the authors show that, in the analysis with finite elements of a
solid body having a general rigid motion, additional elements occur, which can change the
dynamic response of the system.

In our present paper, we take into account the effect of the inner structure and mi-
crotemperatures in the deformation of a Cosserat thermoelastic solid. Our study can be
considered as belonging to the generalized theories of continuous media, because the effects
we consider do not prevent the propagation of thermal waves at finite speed. To get the
main results for the mixed problem in the context of Cosserat thermoelastic bodies with
inner structure and microtemperatures, we use a few results from the theory of semi-groups
of operators. The problem in this context will be replaced by an abstract problem of the
Cauchy type, attached to an evolutionary equation, defined on a specific Hilbert space,
built in context. This procedure makes it much easier to get results regarding the existence
of at least one solution and the uniqueness of the solution of our problem. In addition,
this technique eases even the continuous dependence of solutions on both initial values
and loads.

2. Basic Conditions and Equations

In what follows, we consider a bounded domain D from Euclidean space R?, which is
occupied by a Cosserat thermoelastic body. The closure of D is denoted by D and we have
D = D U9D, where, as usual, 9D is the boundary of the region D, which we consider a
piece-wise smooth surface, with the outward unit normal of components #;. To designate
a vector field and a tensor field, we use letters in boldface. The components of a vector
field w are denoted by w;. To designate the time derivative of a function #, we use the
notation /1, that is, a superposed dot. The notation /, m is used for the partial differentiation
of function h with respect to its m-th variable. The Einstein summation rule regarding the
repeated subscripts is also used. If there is no likelihood of confusion, it can be omitted
to write the dependence of a function on its spatial variables or time variable. In order to
characterize the evolution of a Cosserat thermoelastic body, we use a displacement vector
with the components v, a microrotation vector with the components ¢, a microstretch
function ¢, and the temperature # measured from the constant absolute temperature T of
the body in its reference state.
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With the help of these internal state variables, the components of the strain tensors
emn, €mn and v, can be defined, by means of the following usual kinematic relations:

emn = Unm + €mnkPks €Emn = Pnms Ym = Q,m, @

where €;j; is the Riccis’s symbol.

We suppose that the stress tensor has the components T, and the components of the
tensor of the couple stress are denoted by o7y,

According to Iesan and Nappa [5], the motion equations in the theory of Cosserat
thermoelastic media have the following form:

Tjij + efi = v,
7jij + €Tk + 08i = Lijpj. @)

The moment of the first stress has the following balance [5]:
hij — A+ ol =]§. 3)

Here, the following notations are used: ¢ = the mass density in the initial state of the
body, f = (fi) = the body force, § = (gm) = the body couple, and L = an external body
charge. In addition, the components of inertia are noted by I;; = I, and J.

The variation of the temperature is denoted by § and we have 8 = T — T, where T is
the temperature of the body in the undeformed state.

In addition, it is assumed that the temperature in the media is given by the following
sum

0+ T (X — X, @)

where (X;) are the coordinates of the mass center of an arbitrary microelement in the initial
state of the body and (X;) are the elements of a generic point of the body. In (4), it is
denoted by T;;, microtemperatures of media.

Similar to 9;, entered above, the variation of the microtemperatures ¢;, relative to the
microtemperatures T,?l in the initial state of the body is considered, namely, ¢, = T, — T,%.

The deformation of a Cosserat thermoelastic solis with inner structure and microtem-
peratures will be evaluated using the above introduced variables v;,;, ¢, ¢ and the thermal
fields x and T, having the following form:

t t
X = / 0dt, T = | Ondr, (5)
Jtg to
tp being the initial time.
Being in the context of a linear theory, it is natural to consider that the internal energy
is a quadratic form relative to all its constitutive functions, that is, as follows:

u= [ Aijmneijemn + ZBijmneijSmn + 2[1,']‘61‘]‘(;) + ZDijmneiij,n

N —

+Cijmn€ij€mn + 2bijeij@ + 2EjjmneijTnn + Aij@i¢ i (6)
+2H;i9,x j + {9 + 2F;7,9 + KijX,iX j + GijmnTmnTi,j |-

Using a procedure analogous to that in [4], we obtain:

__u __eu, _au U

1] ael‘]" ] asijl [ aq)lj, - aq)l

ou ou ou
N=2g:5= 75— Nj=
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and so we obtain the constitutive equations for a homogeneous and anisotropic Cosserat
thermoelastic media with an inner structure and microtemperatures:

Tij = Aijmnemn + Bijmn€mn + 2ij@ — aijX + DijmnTmn,
ij = Bijmn €mn + Cijmn€mn + bij@ — BijX + EijmnTmn,
hi = Aijyj — dijti + Hijx j,
ou .
A= 9 it + bijeij + 0 — kx + Fyjti, @)
o1 = ajjeij + Bijeij + k@ +ax + Liji
oni = djivj + Bijty + Cijx .
5i = Hjivj — Cjity + Kijx s
Aij = Dijmnemn + Eijmn€ij + Fji¢ — LjiX + GijmnTm,n-

The new notations that appear in (6) have the following significations: T, and 0y, are
the stress tensors in the body, ki, is the internal hypertraction function, A is a generalized
internal charge, # is the mass entropy, 7, is the first vector of the entropy moment, S, is
the vector of the entropy flux, and A, are the components of the tensor of the first entropy
flux moment.

The constitutive thermoelastic coefficients A;jun, Bijmn, - - -, Lji, and Gjjy,, which also
appear above, satisfy the following relations of symmetry:

Aijmn = Amnijr Cijmn = Cnijr Aij = Aji,
Kij = Kji, Dijmn = Djimn, Gijmn = Gunij- 8)
By using the equation of energy, we obtain the following equation [11]:
0Cm +Sm — Hy =0, )

in which ¢, is the internal rate of entropy production, Hy, are the components of vector of
the mean entropy flux, and, as above, S, are the components of the vector of the entropy
flux.

The rate of supply of entropy by s and the first moment components of the rate of
entropy supply by Q,; will be denoted. Then, we deduce two more relations of energy [9]:

011 = Smm + 08,
0 = Nmnpn + QQm (10)

Now, we consider the kinematic Equation (5) and take into account the constitutive re-
lations (7), such that from the motion Equation (1), the equation of first moment of stress (2),
and the energy Equation (10), the following partial differential equations are obtained:

Aijmn (Um,nj + €mnk<Pk,j) + Bijmn®n,mj + i@ j — ijX j + DijmnTn,nj + 0Fi = 0Uj;
Bijmn (Um,nj + €mnk<Pk,j) + CijmnPn,mj + bij@,j — BijX,j + EijimnTm,nj
+€ijk[Ajkmn(Um,n+€mnk4>k)+Bjkmn4>n,m+ajkfl’ - D‘ij+DjkmnTm,n] +0Gi=Ljj,
A ii—dijti i+ Hijx ij—aij (Uj,i-i—eijk(l’k) —bijji—Co—rxx—FyjTj+oL=]§, (11)
Hji¢ ij — Dijtji + Kijx ij — wij (@j,i+€ijk¢k) —Bijji—xp —ax = —os,
Dijmn (Um,nj + Gmnk¢k,j) + EijmnPnmj + Fji¢j
—DjiX j + GijmnTm,nj — dij@j — BijTj = —0Q;.

in which it is clearer what the unknown functions are, namely v, ¢, @, x and 7.
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The signification of Dy, is: Dy = Cyun + L.
In the case of a Dirichlet problem attached to Equation (11), the boundary relations in
the following form are used:

vm = 57‘71/ Gbm = (I_7m/ (Png/ X:X/ Tm = T_"VH/ on aD X (0/ OO), (12)

in which 3, ¢, ¢, X, T are the prescribed functions.
If we consider a Neumann type boundary value problem, associated to Equation (11),
then the relations to the limit (12) are substituted by the following conditions:

TiemMm = Em, Okenfe="Mn, Al =A, Sy =S, Agmhx =Am, on 0D x (0,00), (13)

in which f,,,, 711, A, S and A, are the known functions.

In what follows, we only take into account a boundary problem with Dirichlet condi-
tions.

In order to complete the mixed problem for the Cosserat thermoelastic bodies with
microtemperatures and inner structure, we need to associate the initial data, which we use
in the following form:

O (x,0) = 09, (x), O (x,0) = #(x) Pm(x,0) = ¢ (x),
: (%), @(x,0) p(x,0) = (x), (14)
x(x,0) = x°(x), x(x,0) = Xl(x)r T (x,0) = 19y (x), T (x,0) = T (x),

. 1 1 1 1 1 :
for any x € D. Here, the functions v%, Uy 4),91, Giis <p0, ¢, %, X, T,91, and T, are prescribed.

Let us denote by P the mixed problem consisting of basic Equation (11), the boundary
conditions (12), and the initial data (14).

3. Results and Discussion

We address in this section our main results, namely, we formulate and demonstrate a
result regarding the existence of a solution for problem P, which was previously formulated.
We also study under what conditions the formulated mixed problem admits only one
solution, that is, the uniqueness of the solution of problem P is proven. One last and
equally important result that we approach at the end of our study, is whether the solution
to our problem depends continuously on both the initial data and the loads. All three
theorems will be obtained based on results from the semigroup theory of operators. In
order to avoid repeating certain conditions, we impose that all the functions that appear in
the conditions and the equations below are well-defined at the whole of their domain in
order to perform some mathematical operations.

To obtain our first result regarding the uniqueness, we will use the preliminary result,
which is proven in following proposition.

Proposition 1. Between the internal functions that describe the evolution of a thermoelastic
Cosserat solid having microtemperatures and inner structure, the next identity takes place:

Tjeij + Oijeij + A + 0@+ onx + oniti + Six,i + AijTi
= Ajjmneijemn + 2Bijmneij€mn + 2aij€ij@ + 2D ij Tn,n
+Cijmn€ij€mn + 2bij€j]'(P + 2Eijmn€ijTmn + Aij@ i@, (15)
+2H;ipix,; + C9* + 2F;j ;¢ + Kijxix,j
+Gijmn T T j + ax* + Byjit;.

Proof. We multiply, in the following manner, Tiu-€nn, Cmn-Emn, Am-@m, T-@, 01X, 0N Tin,s
Su-X,m and Ay T, in all equations from the constitutive relations (6).

After that, all obtained equalities are gathered member by member. Finally, if it takes
into account the symmetry relations (7) we are led to the anticipated relation (14). O
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Taking into account the expression of the internal energy and taking into account
the identity (15), the first result of uniqueness can be obtained, regarding the solution of
problem P.

This will be obtained in the following proposition.

Proposition 2. Suppose that the following hypotheses take the place:

It is assumed that the following hypotheses take places:

0, a, lij and [ are positive (strictly);

The relations of symmetry (8) are satisfied;

The internal energy U is a positive semi-definite quadratic form;

The tensor, having as components the constitutive expressions Bj;, is a positively defined one.

N

Then, the mixed problem P has a unique solution.

Proof. Using the same procedure as in the proof of Proposition 1 we begin by multiplying
any of the constitutive relations from (7) in the following manner: Tuu-€mn, €mn-Tmn, Am-P,m,
.0, 0X-1, 0Tutim-» Sm-X,m and Ay Ty n. After that, the equalities equals that result are
added, member to member, so that after we take into account the symmetry relations (8)
and the internal energy U having the form from (15), we are led to the following identity:

Tijéij + Oijéij + Ai@i + 0@+ onx + oiti + Six,i + Aijti
d 1 , 1. .
=35 (U + Sax + 2B,’jTjTj>. (16)

Now there are considered the kinematic Equation (5), the motion Equation (1), the first
stress moment Equation (2), and the equations of energy (9), and in this way the following
equality is obtained:

Tijéij + €ij0ij + ¢, iAi + 0@+ ox1 + oTif)i + SiX i + AijTi
= (mj i+ 03i+¢hj + XS; + AZ-]-T'I-)’], (17)
+0(Foi + Gii + Lo + X + Qiti) — 06;0; — Lijpip; — J§ -

Of course, by using the equalities (16) and (17), the following identity is deduced:

10 . - , . .
53¢ (ZU +00; + iy + J 7 + ax® + Bz’jTiTj)
= (Tijf’i+Uij</5i+)\j¢+5j?€+/\ijfz‘),j+Q(Fi?i+Gi¢z‘+L¢’+SX+Qifi)- (18)
Now, over the domain D the identity (18) is integrated, and then the theorem of
divergence is used in order to obtain the relation:

%% B (2U + gvio + Liidy + J§ + ai + Byytit; ) AV
= /a B(rﬁz;i+ai¢i+A]~¢+ij+Aijfi)njdA+ /B 0(F;0;+Gipi+Lo+sx+QitdV. (19)
Let us designate by “*” the difference between two arbitrary solutions of the problem
P,ie.,
U = U = Onr O = O — Py 0" = 9" — 9", X' = X" —x', T =T — T

With the same mark “*”, any other sizes relative to the previous differences are
designated.

Of course, because of linearity, the above differences also satisfy the motion Equa-
tion (1), the first stress moment balance (2), and the equations of energy (9). Clearly, all
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these equations are satisfied in the case of null body charges. Obviously, in this situation
the initial relations become homogeneous, so that for every x € D, it results:

0 (0,%) =0, 93,(0,x) =0, ¢,(0,x) =0, ¢,(0,x) =0, ¢7(0,x) =0,
$*(0,x) =0, x*(0,x) =0, x*(0,x) =0, 7,;,(0,x) =0, 1,;,(0,x) =0. (20)

In addition, in this situation, boundary values are null:
v, =0,¢% =0,¢* =0,x* =0, 7, =0, on aD x (0, 00), (21)
and
emn(0,x) =0, €,,(0,x) =0, ¢3,(0,x) =0, x7,(0,x) =0, 7, ,(0,x) =0, x€ D. (22)

Based on the above considerations, the relation (19) is written for the considered
differences and we obtain:

/B (2u* + 004,05, + Tt + J(6%) +a(x*)? + an‘f,;;i',’;)dv =0,t>0.  (23)

Considering hypothesis 3 of the theorem, and taking into account (22), it is obtained
that the internal energy U, which is written for the differences, becomes zero, such that
from (23), we deduce:

[ [t + g+ 1(6") +a(¢") + Bty |V = . @)

Based on hypothesis 4 of Proposition, with respect to the tensor B,;; and taking into
account hypothesis 1 of the Proposition with respect to the quantities ¢, s, | and a,
from (24) we deduce that:

o5, =0,¢5, =0,¢9" =0,x* =0, 1, =0, on D x (0, 00),
and, as a consequence, based on (20), we obtain:

vy =0,¢;, =0,¢" =0,x" =0, 7, =0, on D x (0, 0),
and this ends the proof of Proposition 2. [

Our main result will be regarding the existence of a solution of the mixed problem P.
For a start, it is considered that the boundary relations are homogeneous, namely,

U =¢m =@ =X=Tn =0, on 9D x (0,00). (25)

As we can easily see, both the conditions and the equations that define the above
mixed problem P are very complicated. As such, a new procedure is necessary in order
to demonstrate the existence of at least one solution of our problem in this situation. For
this aim, our problem is associated with a problem of the Cauchy type, for an evolutionary
equation on a suitable built space of Hilbert type.

Considering the known Hilbert spaces W&’Z and L2, a new Hilbert space H is intro-
duced by means of the relation:

H = W(l)’2 x L2 x W(l)/2 x L% x W&Q x L% x Wé’z x L% x Wé’Z x LZ,

in which the notation W(l)’2 = W&’Z X W&’z X Wg’z were used. In short, we have:

wi? = [wgﬂr. Also, 12 = [12]°.
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We remember that Wk'P(R), for 1 > p > oo is defined as the subset of functions
f € LP(R) such that f and its weak derivatives up to order k have a finite L” norm. For
more notions regarding the Hilbert and Sobolev spaces, the basic book is recommended [23].
We can introduce a scalar product on the space H, as follows:

<(UH1/ uﬂ’I/ 4)111/‘P1’I1/ §0/ q)/ X/ ;’l/ Tm/ Vm)/ (U;{/ u;:w 4);};1/?{:;1/ QD*/ qj*/ X*/ ]’l*/ T:w V:;/[>>
1
=3 /D (OUn UL, + Ly ¥ ¥ + JOD* + aup* + Byyvyv)dV

J% /D {Az‘jmneije:;n + Bijin (el-]-e;*nn + e;‘jemn) + ajj (C’ij(P* + eZ‘ij)
+Dijjmn (e,»jr,;;,n + eijm,n) + Cijmneijs’,;n + bjj <8ijq)* + sfij) (26)
+Ejjmn (si]«T,*,;,n + sjfjrm,n) + Aijpig); + Hj ((P,i?cf} + 90;76/‘)
+lpo* + Fj (Ti,]'(P* + Ti’fj(p) + Kin,iX,*j + GijmnTm,nTifj} dv.

Of course, the product scalar (26) will induce a specific norm, and it is not difficult to
prove the equivalence between this norm and the initial norm on space H, which is also a
Hilbert space.

Now, inspired by the equations from (10), we consider the operators:

1 1 1
Alv = EAijmnvm,nj/ Az = é[Aijmnemnk(Pk,j + Bijmn(ll)n,mj}r Blo = éaij(P,j/

1 1 1
Czll’l = _é‘xijs,jr D}T = EDijmnTm,njr A?u = T (Bijmnvm,nj+€ijkAjkanm,n) ’
o)
Ag‘P =Wsi [Aijmnejmn¢]“|'Bijmnejmn¢n,m+cijmn¢n,mj] ’ Bszq):Wsi (bij @,j‘i’ajkeijk(P)

Cip = —W (ﬁij.“,j + Gijkﬂéjkli>r Dit =Wy (Eijmnfm,nj + GijijkmnTm,n)r

1 1 1 1
Ep = T(Aijq),ij ~{¢), Fv = —jdijVj,z'/ Gx = THin,ij/ Hu = ~ iVl (27)
1 1 1 1
K‘I’:—j(aijﬂjk%—i—bijfl’j,i)r Ly = TrH Mt = _TFijTi,j/ Nx = —Kijx,ij,

Py= %Hijq’,ij/ Qu= —% Djjvji, R'v= _%“ijvi,jr R*Y= —% (OéijEijka+l3ij‘I’j,i)
SO= *%KCD, A3 =T 3Dy Oy njs ASp=Ts; (Dijmnemnk¢k,j+Ez‘jmnfl’n,mj) ,
Wsp =TiFjpj, Xsp = —TiDjjp j, YsT = UsiGijmnTn,njs Zs® = —I‘Sl-d]-itb,j,
where the matrices I'y; and W;; satisfy the equations :
LBy = 6sr, Wsiliy = Osp-

Let us introduce the matrix operator I', whose elements are even the operators consid-
ered in (27). In this way, the mixed problem P is equivalent with an abstract problem of
the Cauchy type associated to an evolution equation, namely

Y~ v+ 7,
V(0) = V. (28)

The set D(T') is the domain for the operator I' and to facilitate the next theoretical, we
take it of the form:
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(W W22 Wi x (W2 W22 ) Wi (WG 2NI22 ) g2 x (WG 2 w2 ) s ?
x(wgrzmwm) K W2 x (ngzmwm) X W2 x (w(l)'zmwm) KW x (w(l)'zmwm) xWL2,

In addition, the matrix of unknown function V, the initial values V), and the matrix of
loads F are introduced by means of the following relations:

V - (Um/ umr ¢m/"Pm/ 47/ ¢/ Xl ]/l/ TﬂZ/ Vm )/
Vo = (v%,ui)n,gb%,‘lf%, 9°, @02, 1°, T%,V,%),
F:(OIFW[/O/GWLI 0/ L/ 0/ S/ O/Qm)

The result, which is proved in the following theorem, highlights a quality of the matrix
operator I that is necessary for demonstrating the theorem of the existence of a solution of
the problem (28).

Theorem 1. Suppose that the next hypotheses are satisfied:

1. 0>0,1;, >0,]>0,a>0;
2. Take place the symmetry relations (7);
3. The internal energy U defined in (15) is a positively definite quadratic form;
4. Bjj is a positively definite tensor.
Then, we have fulfilled the following estimate:

(r'v,V) <0, VU € D(T). (29)
that is, operator I has the property of being dissipative.

Proof. An element V is taken and arbitrary chosen in the domain of the definition of the
operator I'. Considering the scalar product from (26) and taking into account the definition
of operators from (27), we obtain:

(v, v) = — /aD (Tiil; + 03¥; + A + Sjp + Ajjvi)njd A
+ /D [Ai]'mneije;;n + Bijimn (ei]-e;:m + efﬁW) +aj (eif ¢ ey ‘P)
Do (€T + €ijTn ) + Cijmeijeiun + by (€110 + €570 (30)
+Ejjmn (si]«T;;,n + s}}rm,n) + Aijo,i¢); + Hij (4’,in} + 4’,*1%,]‘)
+Cp¢* + F;j (Ti,]'([)* + Ti’fj(p) + Kin,iX,*j + GijmnTm,nTifj} dv.

The integrant of the second integral of (30) is an expression in the form of a square form,
with  respect to to the elements w and w* of the form
w = (O, Pm, @, X, Tw) and w* = (Up, Y, P, 4, vy ). In other words, the respective in-
tegral is of the following form:

/DI/\/(ZU/)’< )dV = /D W((UH’I/(PH’[/ (P/X/ Tm)/(uVH/TVH/ ®/ V/Vm))dv

Now, the theorem of the divergence is applied in the first integral of identity (30) so
that if we take into account the previous observation, the following relation results:

<FV/ V> = — /D(Tnm um,n + U'nmqjm,n + An(D,n + Sn,’”,n + Aman,n)dV

+ /D W((UH’I/ 4)111/ (P/X/ Tm)/ (um/\Pm/ ¢/ V/Vm))dv - O/
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and this ends the proof of Theorem 1. [

In the next theorem, a new property of I is proven, namely that the operator I meets
the condition of range. This property is important for evaluating the solution of the
problem (28).

Theorem 2. If all the conditions of Theorem 1 are satisfied, then the operator I is a subjective one.

Proof. Any element V* of the Hilbert space H is of the form
V* = (O Uns $ine Yo @70 @7 X5 17 T V)-

If such an element V* is arbitrarily taken, then the statement of the theorem can be
reformulated in this form: there is at least one solution V € D(T') of the equation T'V = V*.

To this aim, taking into account the operators (27), the following vector notations are
introduced:

Al = (AL), A2 = (A2), AS = (A3), A% = (A}), A% = (AD), A® = (49),
B' = (B)), B2 = (B?), C' = (C}), C = (C?), D' = (D)), D’ = (D?),  (31)
W= (W), X = (Xo), Y = (Y), Z = (Zy).

By using the notations (31) and considering the operators defined in (27), the differen-
tial Equation (10) receives the following form:

U=v",
Alv +A%2p +Blo + Clu+ Dl = U,

Y = ¢,
Adv+A'p +B%p+ C?u+ D’ =Y,

d=9¢7, (32)

Hv + Ep+Gx+Lu+Mt+ Fv = &7,

p=x"

RU+ Py +SP+Nx+Qu=y"
v=1%

AV + AP+ Wo +ZO 4+ Xy + YT=7"

We go through another stage so that from the above system, (32) obtains new equations,
whose basic constitutive functions are principal unknowns functions: (v, ¢, ¢, x, 7). The
other variables, which are automatically secondary, will be passed to the right-hand member
with the “free term” status. Thus, the new system of equations is deduced, which has the
following form:

Alv + A2p + Bl + D't = U* — Cly,
Av+ A% +B%p + D*t =¥ — C%*,
Hv+E@+ Gx+ Mt =®*—Lx*—Ft7% (33)
Pp+ Nx =u* —Rv*'—S¢*—QTt%,
ASv+ A%+ Wo + YT =v* —Zo* — Xx*.

To simplify the writing, the new variables ¥, @, @, X and T are introduced, defined by:
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v=Alv+A%’¢p +Blg+ D,
¢ = A’v +A'p + B*p + D1,
¢ =Hv+Egp+ Gx + M, (34)
X = Pe+ Ny,
T=AV+ A% +Wo+ YT

In this way, a new bilinear form defined on W&’Z is obtained, by means of the following
scalar product: such that the scalar product ((v, ¢, $, %, T), (v, ¢, ¢, x, T)). Furthermore,
after simple calculations, the following scalar product is obtained:

(v.0,0,%,7), (v, 9,9, X, 7))
= /l; [Aijmneijemn + 2Bz’jmnei]’€mn + zaijeijq) + 2Dijmneiij,n
+Cijmn€ijemn + 2bij€ij@ + 2Eijmn€ijTnn + Aij@,i9 j (35)
+2H;j@,ix j + $9° + 2FiT,j¢ + KijX,iX,j + Gijin Tnn Ty }dv-

Taking into account the hypotheses of the theorem, from the above relation, the
coerciveness of this expression is deduced in all points of the Sobolev space W&'Z.

In addition, it is not difficult to show that the functions from the right side of the
system of Equation (33), i.e.,

V* — Cl *,11;* o CZX*,CD**LX**FT*,]/l**Rll**Sq)**QT*,l/**ZQD**XX*,

are elements from the Sobolev space W'2. Based on the last observation, it results that all
the conditions are satisfied in order to be able to use the theorem of Lax-Milgram, based on
which the elements of vector U = (v, ¢, ¢, x, T) form a solution of our above system (33).
As a consequence, it is deduced that the system (32) has a solution.

This concludes the proof of Theorem 2. [

Our results regarding the operator I', from Theorems 1 and 2, are exactly the conditions
of the corollary Lumer-Phillips’s, obtained by the Hille-Yosida theorem (Pazy, [24]). Based
on this, our first main result is obtained, proven in the next theorem.

Theorem 3. Assume that all the conditions of Theorem 1 are satisfied. Then, the matrix operator T
generates a semi-group of contraction type operators, all defined on Hilbert space H.

Furthermore, by using the same Lumer-Phillips corollary, the second main result of
our paper is deduced, which is the one that ensures the uniqueness of the solution.

Theorem 4. Assume that all the conditions of Theorem 1 are satisfied. Furthermore, we suppose
that the loads Fy,, Gy, L,s, Qm € C1([0,00),L%) N CY([0, 00), W&’z) and the initial data Vy are
included in the domain of matrix operator I'.

In these conditions, our Cauchy problem (28) has only one solution, namely V(t) € C1([0,c0), H).

In the third important result of our study, it is shown that the solution of the Cauchy
problem (28) depends continuously on the initial data and charges. Based on the above con-
siderations, it is deduced that the solution of our mixed problem P depends continuously
on the initial data and charges. As with the previous two results, we use Lumer-Phillips’s
corollary again.
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Theorem 5. If all the conditions of Theorem 1 are satisfied, then the matrix solution V =
(v, ¢, ¢, x, T) of the problem of Cauchy type (28) continuously depends on charges Fy,, Gy, L, s, Qm
and the initial data V), i.e.,

t
VOIS [N G L s, Qu)ds + Vol

4. Conclusions

For a better description of the behaviour of many materials, some suggestions that
have a great impact on the development of these materials have been made, e.g., the inner
structure of the media and the fact that the microparticles have micro temperatures.

In classical theories, the fact that the reaction of a body to some external actions is
influenced by the intimate structure of that body and microtemperatures is ignored [25].
Consequently, many more unknown functions have appeared, as the system of differential
equations includes many more relations, which has increased the number of the initial
values and of the boundary relations. Additionally, their complexity is much higher. That
is why we turned to results from the theory of contraction semigroups and due to the
elegance of this theory, the above mentioned complications failed to affect the main results
regarding the mixed problem from the theory of Cosserat thermoelastic media with inner
structure and microtemperatures. Thus, we could demonstrate both the existence and
uniqueness results and also that the solutions continuously depend on the charges and the
initial values.

It is worth noting that, from what we have studied, neither on the internet nor in
the databases, that we did not find any qualitative issues addressed regarding the mixed
problem in the context of the theory of the thermoelasticity of Cosserat environments, in
which the contribution of inner structure and microtemperatures are taken into account.

Author Contributions: Formal analysis, M.M.; investigation, M.M., S.V.; methodology, S.V., EM.C.;
supervision, M.M.; validation, S5.V.; visualization, N.P, I.T.; conceptualization, M.M., S.V.; funding
acquisition, S.V.; Investigation, EM.C.; methodology, S.V., L.T. ; software, N.P,, S.V.; supervision, M.M.;
visualization, S.V., L.T.; writing—original draft, M.M.; writing—review and editing, M.M., S.V.; con-
ceptualization, M.M.; Formal analysis, E.M.C., N.P.; methodology, S.V., N.P,, L.T.; supervision, M.M.;
validation, M.M., S.V,; data curation, EM.C., N.P;; formal analysis, N.P,, L.T.; project administration,
S.V,; resources, EM.C.; software, I.T. All authors have read and agreed to the published version of the
manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Eringen, A.C. Linear theory of micropolar elasticity. J. Math. Mech. 1966, 15, 909-924.

2. Chirita, S.; Ghiba, I.D. Rayleigh waves in Cosserat elastic materials. Int. |. Eng. Sci. 2012, 51, 117-127. [CrossRef]

3. Dyszlewicz, ]. Micropolar Theory of Elasticity; Lecture Notes in Applied and Computational Mechanics; Springer: Berlin/Heidelberg,
Germany; New York, NY, USA, 2004; Volume 15.

4. lesan, D. Thermoelastic Models of Continua; Kluwer Academic Publishers: Dordrecht, The Netherlands, 2004.

5. lesan, D.; Nappa, L. On the theory of heat for micromorphic bodies. Int. ]. Eng. Sci. 2005, 43, 17-32. [CrossRef]

6. Eringen, A.C. Microcontinuum Field Theories I: Foundations and Solids; Springer: Berlin/Heidelberg, Germany; New York, NY,
USA, 1999.

7. Marin, M. On weak solutions in elasticity of dipolar bodies with voids. J. Comput. Appl. Math. 1997, 82, 291-297 [CrossRef]

8. Marin, M. Harmonic Vibrations in Thermoelasticity of Microstretch Materials. J. Vib. Acoust. 2010, 132, 044501. [CrossRef]

9. Marin, M.; Othman, M.I.; Abbas, .A. An extension of the domain of influence theorem for generalized thermoelasticity of

anisotropic material with voids. J. Comput. Theor. Nanosci. 2015, 12, 1594-1598. [CrossRef]


http://doi.org/10.1016/j.ijengsci.2011.10.011
http://dx.doi.org/10.1016/j.ijengsci.2004.09.003
http://dx.doi.org/10.1016/S0377-0427(97)00047-2
http://dx.doi.org/10.1115/1.4000971
http://dx.doi.org/10.1166/jctn.2015.3934

Symmetry 2022, 14, 511 13 of 13

10.

11.
12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Othman, M.I.A; Said, S.; Marin, M. A novel model of plane waves of two-temperature fiber-reinforced thermoelastic medium
under the effect of gravity with three-phase-lag model. Int. J. Numer. Methods Heat 2019, 29, 4788-4806. [CrossRef]

Grot, R.A. Thermodynamics of a continuum with microstructure. Int. |. Eng. Sci. 1969, 7, 801-814. [CrossRef]

Chirita, S.; Ciarletta, M.; D"Apice, C. On a theory of thermoelasticity with microtemperatures. J. Math. Anal. Appl. 2013, 397,
349-361. [CrossRef]

Iesan, D.; Quintanilla, R. On a theory of thermoelasticity with microtemperatures. J. Therm. Stress. 2000, 23, 199-215.

Scalia, A.; Svanadze, M. Potential method in the linear theory of thermoelasticity with microtemperatures. J. Therm. Stress. 2009,
32,1024-1042. [CrossRef]

Vlase, S.; Nastac, C.; Marin, M.; Mihalcica, M. A method for the study of the vibration ofmechanical bars systems with symmetries.
Acta Tech. Napocensis. Ser. Appl. Math. Mech. Eng. 2017, 60, 539-544.

Vlase, S.; Teodorescu, PP; Itu, C.; Scutaru, M.L. Elasto-dynamics of a solid with a general “Rigid” motion using FEM model.
Part II. analysis of a double cardan joint. Rom. J. Phys. 2013, 58, 882-892.

Hobiny, A.; Alzahrani, F.; Abbas, I.; Marin, M. The effect of fractional time derivative of bioheat model in skin tissue induced to
laser irradiation. Symmetry 2020, 12, 602. [CrossRef]

Pop, N. An algorithm for solving nonsmooth variational inequalities arising in frictional quasistatic contact problems. Carpathian J.
Math. 2008, 24, 110-119.

Groza, G.; Mitu, A.M.; Pop, N,; Sireteanu, T. Transverse vibrations analysis of a beam with degrading hysteretic behavior by using
Euler-Bernoulli beam model. Analele Stiintifice Univ. Ovidius Constanta-Ser. Mat. 2018, 26, 125-139. [CrossRef]

Singh, A.; Das, S.; Altenbach, H.; Craciun, E.M. Semi-infinite moving crack in an orthotropic strip sandwiched between two
identical half planes. Z. Angew. Math. Mech. ZAMM 2020, 100, e201900202. [CrossRef]

Craciun, E.M.; Sadowski, T.; Rdbaea, A. Stress concentration in an anisotropic body with three equal collinear cracks in Mode II of
fracture. I. Analytical study. Z. Angew. Math. Mech. ZAMM 2014, 94, 721-729. [CrossRef]

Straughan, B. Heat waves. In Applied Mathematical Sciences; Springer: New York, NY, USA, 2011; Volume 177.

Adams, R.A. Sobolev Spaces; Academic Press: New York, NY, USA, 1975.

Pazy, A. Semigroups of Operators of Linear Operators and Applications; Springer: Berlin/Heidelberg, Germany; New York, NY,
USA, 1983.

Sneddon, I.N.; Berry, D.S. The Classical Theory of Elasticity; Springer: Berlin/Heidelberg, Germany, 1958.


http://dx.doi.org/10.1108/HFF-04-2019-0359
http://dx.doi.org/10.1016/0020-7225(69)90062-7
http://dx.doi.org/10.1016/j.jmaa.2012.07.061
http://dx.doi.org/10.1080/01495730903103069
http://dx.doi.org/10.3390/sym12040602
http://dx.doi.org/10.2478/auom-2018-0008
http://dx.doi.org/10.1002/zamm.201900202
http://dx.doi.org/10.1002/zamm.201200293

	Introduction
	Basic Conditions and Equations
	Results and Discussion
	Conclusions
	References

