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Abstract

The paper deals with the meaning of non-equilibrium temperatures in nanosystems
with an internal variable, describing defects inside them, and implications on heat trans-
port. In equilibrium all definitions of temperature lead to the same value, but in nonequi-
librium steady states they lead to different values, giving information on different degrees
of freedom. We discuss the caloric and entropic non-equilibrium temperatures and the
relations among them, in defective nanosystems (crystals with dislocations or porous
channels, carbon nanotubes in a solid matrix and so on), crossed by an external energy
flux. Here, we present a model for nanocrystals with dislocation defects submitted to an
external energy flux. The dislocations may have a strong influence on the effective thermal
conductivity, and their own dynamics may be coupled in relevant way to the heat flux
dynamics. In the linear case the constitutive relations, the rate equations for the internal
variable and the heat flux are worked out and a generalized telegraphic heat equation is
derived in the anisotropic and isotropic case, describing the thermal disturbances with
finite velocity.

Keywords: Non-equilibrium Thermodynamics, internal variables, defects of
dislocation, nanosystems

AMS subject classification: 80A20, T4A20

1. Introduction.

The meaning of temperature in nanosystems is an open problem because
of two main reasons: their small size, which makes that the system exhibits
large fluctuations in contrast to macroscopic systems, and the strong gra-
dients caused by relatively small temperature differences, which make that
the system may be far from local equilibrium. This makes that the meaning
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of temperature, as well as its role on heat transport, is a relevant topic in
nanosystems. On the other side, internal variables may also play an impor-
tant role in the internal energy and the heat conductivity of the system,
which may depend on the internal variables. For instance, the thermal con-
ductivity may depend on the defects or the pores of the material. This
dependence influences the heat flux across the system but, reciprocally, the
heat flux may modify, in some occasions, the dynamics of the defects or the
pores, in such a way that the problem of heat transport may be a strongly
coupled in such systems. This may be especially important when the de-
fects or the pores are very small, of the order of the mean free path of the
heat carriers in the system (as, for instance, the phonon mean free path
in crystals). A relatively high temperature gradient could produce, for in-
stance, a migration of defects inside the system. In this paper, we propose
an analysis of heat transport in a system with dislocations, which will act
as defects on the thermal conductivity. We analyze their possible role on
the internal energy and the entropy and, thus, on the temperature based on
internal energy (caloric temperature) and on the entropy (entropic temper-
ature). For instance, if the heat flux is very high, the effective temperature
of the internal variables could be different than that of the global system,
thus modifying the usual relations between heat transport and temperature
gradients.

In Section 2 of this paper we introduce the equilibrium temperature
versus non-equilibrium temperatures (see [1], [2], [3], [4], [5], [6], [7] and [8]
for applications on this subject).

In Sections 3 and 4, in the framework of extended irreversible thermody-
namics with internal variables (see [7], [8], [9] and [10]), a model, developed
by the author, is presented for defective nanosystems (crystals with dis-
locations or porous channels, carbon nanotubes in a solid matrix and so
on) [11], [12], [13] and [14], submitted to an external energy flux, where
the internal structure is described by a dislocation tensor a la Maruszewski
(see [15] and [16]) and its gradient.

In Section 5 we discuss the caloric and entropic non-equilibrium tem-
peratures, and the relations among them, in these systems.

Finally in Section 6, as new results, in the linear case, the constitutive
relations, the rate equations for the internal variable and the heat flux are
worked out, and a generalized telegraphic heat equation (in presence of a
dislocation field), with finite velocity for the thermal disturbances, is derived
in the anisotropic and isotropic case (see [17], [18] and [19] for studies on the
heat conduction in nanosystems in extended thermodynamics). This study
has a technological interest in very miniaturized systems (nanotechnology),
in high-frequency processes or in the production of new materials with
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sophisticated microstructures and particular thermal properties.

2. Modeling defective nanosystems in the framework of extended
thermodynamics

In this section we discuss about the limits of validity to model defective
nanosystems in the framework of extended thermodynamics (see [9] and [10]).

In fact, in classical irreversible thermodynamics it is assumed the local equi-
librium hypothesis, implying that all the variables defined in equilibrium thermo-
dynamics remain significant, and the system under consideration can be mentally
split into thermodynamic cells sufficiently large to allow them to be treated as
macroscopic thermodynamic subsystems, but sufficiently small so that each cell
is in thermodynamic equilibrium. In each cell all the variables (like temperature
and entropy) remain uniform but they take different values from cell to cell, they
are also allowed to change in the course of time in such a way that they depend
continuously on the space and time coordinates. The relationships in equilibrium
thermodynamics among state variables remain valid outside equilibrium provided
that they are stated locally at each instant of time. The entropy outside equilibrium
will depend on the same state variables as at equilibrium. Then, thermodynamic
potentials and, consequently, the equations of state of the system, keep their usual
equilibrium form but at a local level, namely, for sufficiently small volume elements.
The size d of these volumes should be bigger than the average distance, traveled
for instance by the heat carriers between two successive collisions, defined mean
free path [ (d > ). Furthermore, from the point of view of the temporal behavior,
because these small volume elements have a characteristic time (called relaxation
time), let us say 7, to reach internal equilibrium, it is supposed that inside them
the rate of variation of the studied properties is slower than their relaxation time.

In extended thermodynamics we study the behavior of nanosystems [10], where
we have situations of high-frequency thermal waves. Inside the volume elements
the rate of variation of the physical properties is faster than the time scale charac-
terizing the relaxation of the fluxes towards their respective local-equilibrium value
and the perturbations are so fast that their frequency becomes of the order of the
reciprocal of the internal relaxation time, given, for instance, by the collision time
of heat carriers. Furthermore, the volume element size of these systems along some
direction is so small that it becomes comparable to (or smaller than) the mean-free
path of the heat carriers (d < [). Thus, both situations have a clear physical mean-
ing and, nowadays, a technological interest. Then, in extended thermodynamics it
is essential to incorporates the fluxes among the state variables of the system and
to establish the spatial rate of variation of the intensive thermodynamic variables
in a given non-equilibrium steady state. Such states are the natural generalization
of equilibrium states: in them the values of the variables do not depend on time
but, in contrast to equilibrium states, a continuous flux of energy - or matter, or
momentum, or charge - must be supplied or extracted from the system to keep the
inhomogeneous distribution of the values independent on time.

Also, it is interesting, when we consider a system submitted to a heat flow,
to define the characteristic residence time t,.s of the energy in a volume element
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of the system (see [10]), i.e. the average time during which the energy supplied to
this volume element of the system will stay in it before leaving it, that is of the
order of U/Aq, U being the internal energy and Agq the total heat flux supplied to
this material volume element (and leaving the system) per unit time, with A the
transverse area through which the heat flux is arriving. Then, in the fast-varying
states but also in steady states, if the heat flux is high enough, the energy residence
time will be of the order, or even shorter, than the relaxation time 7, t,..s < T,
in such a way that the energy entering into the material volume element will not
have time enough to distribute itself among the several degrees of freedom of the
element before leaving it. In local equilibrium hypothesis t,.s is longer than 7,
tres > T.

Thus, in local equilibrium hypothesis for a rigid body, we can use Fourier law
for the heat flow propagation, that leads to a parabolic equation describing a diffu-
sive propagation of thermal disturbances with infinite velocity (see [20] and [21]).
In extended irreversible thermodynamics Vernotte-Cattaneo equation removes this
paradox introducing the relaxation time of the heat flux, leading to the telegraphic
heat conduction equation, that allows a thermal propagation with finite speed.

3. Equilibrium temperatures versus non-equilibrium tempera-
tures

There are different definitions of temperature: thermometric, caloric, entropic,
kinetic, vibrational, configurational, fluctuational, and so on (see [1], [2], [3], [4], [5],
[6], [7] and [8] ). In this section we introduce the definitions of caloric, entropic and
thermometric temperature and we compare them in equilibrium thermodynamics
and in non-equilibrium thermodynamics in steady states.

In fact, equilibrium thermodynamics is restricted to equilibrium states. Non-
equilibrium steady states are different than equilibrium states because in them the
material system is crossed by fluxes of energy, matter, electric current and so on.
Thus, it is interesting to investigate the influence of such fluxes on the thermody-
namics of the system. The presence of fluxes is related to inhomogeneities in the
system: presence of a gradient of temperature, concentration, electrical potential
or barycentric velocity.

The equilibrium and non-equilibrium entropic temperatures 6., and 8.4, ap-
pearing in Gibbs equation, are defined by the second law of thermodynamics as
follows

— 05, _ oS
(1) 9€q1 = (auq)~ ; Hnelq = (au)~ s
q=0 q#0

where S, is the entropy density per unit mass in the local equilibrium hypothe-
sis, introduced in equilibrium thermodynamics, where each thermodynamic state
is an equilibrium state, S is the non-equilibrium entropy density per unit mass,
constitutive function of the independent variables belonging to a thermodynamic
state space, characterizing the version of non-equilibrium thermodynamic theory,
used for the description of the system under consideration (in our case extended
irreversible thermodynamics), and q is a given external energy flux, to which the
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system is submitted. In an equilibrium thermodynamic state the internal produc-
tion of entropy vanishes, all the fluxes, the sources of energy, matter, force, and so
on, are null, the barycentric velocity of the volume element of a system is constant
or vanishing, the spatial gradient and the time derivative of fields present inside
the body are null.

The equilibrium and the non-equilibrium caloric temperatures Tey and Ty,cq are
based on the first law of thermodynamics and they are called caloric because they
use the so-called caloric equation of state relating internal energy and temperature,
obtained from the internal energy of the different degrees of freedom.

Out of equilibrium, energy equipartition is not valid in general; this is a con-
sequence of the fact that the distribution function has no longer the canonical
distribution form, namely exp ¥, with H the Hamiltonian operator and /3 the
reciprocal of absolute temperature, 5 = 1/kgT, in classical systems. Thus, the
average energy of the several different degrees of freedom is different from that they
would have in equilibrium, for a given internal energy of the system. This means,
for instance, that if in an ideal gas kpT = (2/3)U = (1/3)Nmwv?, with N the
number of particles, m the mass of a particle, and v the speed of a particle, the
temperatures defined from the average kinetic energy along the different axes x, y
and z will not be necessarily equal. It follows from here that the empirical temper-
ature will depend on the spatial direction of the thermometers (for instance, from
their relative direction with respect to a heat flux in the system). It also follows
that for a given internal energy, the entropy of the system is expected to be lower
if the temperature along each direction is different that if the temperature was
the same; as a consequence, the relation between entropic temperature and caloric
temperature will be different from that in equilibrium.

The equilibrium empirical (thermometric) temperature  Oempeq is defined
by the zeroth law, which states the transitive character of thermal equilibrium.
This principle is not generally valid in non-equilibrium steady states. Indeed, as it
has been said, different thermometers sensitive to different degrees of freedom are
expected to indicate different temperatures. Therefore, the only possible general-
ization of zeroth principle (if any generalization is indeed possible) would be one
restricted to every different degree of freedom, namely, postulating that if systems
A and B are in mutual thermal equilibrium (no heat flows between them) being in
thermal contact through a given degree of freedom, and systems B and C are in
mutual thermal equilibrium being in thermal contact through the same degree of
freedom, then systems A and C will be in mutual thermal equilibrium if they are
in thermal contact through the same degree of freedom as in the above situations.
However, if A and B are in mutual thermal equilibrium through one degree of free-
dom, and B and C are in mutual thermal equilibrium through a different degree
of freedom, A and C will not be necessarily in mutual thermal equilibrium. As we
have commented, it is not logically necessary that any generalization of the zeroth
principle is valid out of equilibrium, neither in the case of restricting it to a given
degree of freedom. However, if this were indeed impossible to generalize the zeroth
principle to non-equilibrium steady states in the restrictive conditions mentioned
here, the use of any kind of thermometer would be useless. It seems however that
thermometers are still being used in non-equilibrium steady states, although with
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some restrictive precautions. This indicates that postulating the validity of the
mentioned restriction version of the zeroth principle, though merely tentative, is
not completely unreasonable.

Then, in equilibrium thermodynamics different definitions of equilibrium
temperature lead to the same value Oemp,eq = Oeqg = Teq-

Out of equilibrium, in presence of an external energy flux, these non-
equilibrium temperatures are different from each other Ocppneq 7Z Oneq 7 Tneq
(see [7]).

In this contribution, in the framework of extended irreversible thermodynam-
ics, we investigate the caloric and entropic non-equilibrium temperatures and the
relations among them in nanosystems with internal structure, described by a ten-
sorial internal variable (crystals with dislocations or porous channels, carbon nan-
otubes in a solid matrix and so on), when they are crossed by an external energy
flux.

4. Dislocation dynamics, energy flux and non-equilibrium ther-
modynamics

In this section we present a model, developed in the framework of extended
thermodynamics by the author in [11] (see also [12]), to describe a nanocrystal
with dislocations, and we suppose that it is submitted to an external energy flux
q. The following fields interact with each other inside the system: the thermal field,
described by the non-equilibrium absolute temperature 8,4, its gradient 8,.4,; and
the heat flux g;; the elastic field described by the stress tensor ¢;; and the small
strain tensor e;;, defined as  &;; = % (u;;+u;,;), with u; the components of the
displacement vector; the dislocation field modeled by a dislocation tensor a;; and
its gradient a;; 1, describing the non-local effects of these dislocation lines. In [11]
also the dislocation flux, describing the selfpropagation of dislocations because of
changed surrounding conditions that are favorable, was taken into consideration
also as internal variable, but here we neglect its influence.

The tensor a;;, introduced by Maruszewski in [15], models the local structure
of dislocations lines, which form a network of very thin lines, having the same
geometrical structure of porous channels, disturbing the otherwise perfect period-
icity of the crystal lattice [16] (see Fig.1). Their existence should not be omitted
in the analysis of kinetic processes as diffusion of mass or charges, transport of
heat and so on. In Fig. 1 a representative elementary sphere volume 2 provides
a statistical representation of the properties of a structure of capillary channels,
Q= Q° + Q" with Q° the solid-space and Q" the channel-space. Furthermore,
we indicate by I' the sphere central section area, with I' = I'* + T'* | where T'°" is
the channel-area of I' and I'* the solid-area. The orientation of I" in €2 is given by
the normal vector p. The analysis is restricted to media which are homogeneous
with respect to the effective channel-volume f,, with f, = %, constant in the
medium. To avoid confusion, all microscopic quantities are described with respect
to the &; coordinate system, while macroscopic quantities are described with re-
spect to the z; coordinate system. Then, let «(€) be any scalar, spatial vector
or second order tensor quantity, describing a microscopic property of the flux of
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Figure 1. Characteristics of a local channel structure with (h < R), h diameter of the
core and R size of the volume element (after [15])

some physical field, flowing through the channel-space Q. with respect to the &;
coordinates. We assume that such quantity is zero in the solid-space 2° and on
the solid-area I'®. In such a medium Maruszewski defines the so called dislocation
tensor, R;j, as follows [15] (see also [16])

(2) a(x); = Rij(x, ) @ (x, ).

Eq. (2) gives a linear mapping between the bulk-volume average quantity & (x)
and the channel-area average of the same quantity & (x, i), given by

3) &)= [ a@in & xp = mg [ a©d.

where the quantities @ (x) and & (x) describe at macroscopic level the same prop-
erty of the flux of the physical field under consideration. In [16] Kubik gives for a
structure with thin channels an interpretation of R;; , considering the flux of a
quantity & (x) on a bulk-volume as a superposition of three one-dimensional fluxes

(along three mutually perpendicular channels) having average values o (x, ) on
the orthogonal section areas of these channels. In [15] a new tensor, that refers R;;
to the surface I', is defined in the following way

Rij(x, ) = Lai;(x, ).

a;j is called dislocation core tensor and its unit is m~2. The components of a;;
form a kind of continuous representation of the number of dislocations which cross
the surface I'. Investigations show that during many physical processes occurring
in a defective crystal the temporal evolution of the dislocation field is of great
importance (a;; is also dependent on time). But, whereas the classical variables
as 0 and €;; may be measured and controlled at any moment of time, the internal
variable a;; may be measured only by suitable methods and cannot be controlled
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with the same immediateness. They appear in the Gibbs equation like the classical
thermodynamical variables.

In our model we use the standard Cartesian tensor notation in a rectangu-
lar coordinate system and refer the motion of our material system to a current
configuration C;. Then, the state variables are represented by the set

(4) C= {gijaone(peneq,iaaijaaij,ka‘]i} )

where the presence of the heat flux permits to take into account thermal relaxation
in nanosystems, where the velocity of thermal disturbances is finite.

Thus, all the processes occurring in the considered body are governed by two
groups of laws. The first group concerns the following balance equations:
the continuity equation

(5) p+pvi; =0,

where p denotes the mass density, the superimposed dot denotes the material time
derivative and v; is the velocity field,;
the momentum balance:

(6) pv; —tii5— fi =0,

where f; is the body force and ¢;; is the stress tensor (whose symmetry was demon-
strated in [11]);
the internal energy balance:

(7) pU — O'ijéij + Qi + (jm =0,

where U is the internal energy density and q is a given additional external heat
flux, to which the system is submitted.

The second group of laws deals with the evolution equation of the internal
variable (the dislocation core tensor) and the rate equation for the heat flux q ,
that, in field formulation, we may assume to have the form [22], [23], [24] and [25]

aij + Vijraw = Aij(C) + Ay5(@),

(8) 4i = Qi (C) + Gi-

In (8)1 Viji is the dislocation flux tensor, A;;j(C) is the internal source of dislo-
cations due to the fields present in the system and /L-j((i) is the external source
connected with a given heat flux q crossing the system. In (8)y Q; (C) is the heat
flux internal source due to the fields inside the body, q is the external source and
the flux tensor of q is not taken into consideration.

To be sure that the physical processes occurring in the considered body are
real, all the admissible solutions of the proposed evolution equations have to satisfy
the following entropy inequality

9) pS+V~JS—%TZO,
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with J° the entropy flux. The set of the constitutive functions are

(10) W= {O-iijaAij7Qi7S7 Jf,ﬂ'ij,ng},

(11) W =W(C),

where both C and W are evaluated at the same point and time, 7;; is the ther-
modynamic potential conjugate to a;; and II! is the thermodynamic potential
conjugate to g;. The ensemble of the balance equations, the evolution laws of the
internal variable and the heat flux and the constitutive laws, that we will derive
as new results in Section 6, describes the evolution of the nanosystem with dislo-
cations under consideration.

In [11] the entropy inequality was analyzed by Liu’s theorem [26] and among
the other results the laws of state, the affinities, the entropy flux and the form of
the free energy, defined by Legendre transformation F' = U — 6,45, were given in
the form:
the laws of state

OF OF OF OF

12 R S —0, —0,
( ) pagij 7ii 89712(1 aaij,k 39neq,i

the affinities

OF OF

13 — =Ty =1I1?

( ) paaig Tigs /J'aqi i
and the free energy

(14) F= F(Eij79n6q7aij7%)7

that is invariant under time reversal.

5. Non-equilibrium temperatures in a crystal with dislocations

In this section we discuss the entropic and caloric non-equilibrium tempera-
tures in defective nanosystems in non-equilibrium steady states, when they are
crossed by a given energy flux (see [7] and [8]).

The reciprocal non-equilibrium entropic temperature 0561(1 can be expanded
around the reciprocal equilibrium temperature He’ql obtaining the following result,
in first approximation and for given values of the other fields,

2004

-1 _ p-—1
(15) Ont =021 — 02, @A%,
with
(16) Aaij = ai;(q # 0) — aij(q = 0).
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Then, in the first approximation, the non-equilibrium temperature 6., will be
related to the equilibrium temperature as

0. ( _, (0T,
Opeg = ————2 =T, (1+ 711 (q Aajj | =
L6 Gt Aey T \Day )
0T,
(17) Teq + <8aq) Aaijv
i

where 0., = T., and we have used the approximation (1 —z)™! ~ 1+uz, for z < 1.
To define the caloric temperature related to the internal variable a;; (see [7]

and [8]), first, we consider the caloric equation of state at the equilibrium of the

system for given values of €;; and for vanishing values of the external flux q:

Udis =U (aij (Teq; €k:l)7 Teq7 ekl) 3

where we have taken into consideration that at equilibrium the internal variable
depends on the temperature and the stress tensor. Then, we define the caloric
non-equilibrium temperature field T},.4 related to a;; in a steady state, assuming
that out the equilibrium the internal energy has the same form as in equilibrium
in presence of q.

(18) Udis (0ij(Theq, €kts 4 = 0), Theq, €k1) = Uais (aij (Teqs €k, Q) Teqs €x1) -

Then, in the first approximation the non-equilibrium caloric temperature will be
related to equilibrium temperature by

aT, 1
Tne = Te s A is — Te A is —
! ot (8Udis> Ua at <Cdis) Ua
aTe aUvdis
1 T, d Aa;;
19) ot (3Udis) ( dai; > o

aUdis
T eq

energy of dislocation lines, per unit volume. It is seen that in this order of approx-
imation both non-equilibrium temperatures (entropic and caloric) coincide (see [7]
and [8]).

where cg4;s = is the specific heat associated to the changes of the internal

6. Constitutive theory and heat equation for defective nanosys-
tems: linear case

In this section, as new results, we derive the constitutive relations and the heat
equation for a nanosystem with dislocations (see [17], [18] and [19] for studies on
the heat conduction in nanosystems in extended thermodynamics). Then, let us
consider a reference state of the medium, with an arbitrary (but fixed) uniform
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temperature 6y. We also require that the reference state (indicated by the symbol

70”) is a state of thermodynamic equilibrium. We choose the tensors ¢;;, a;; and

the heat flux vector g; so that they vanish in the reference state, and hence

(8)o = S0, (0ij)o=0, (mij)o=0, () =0,

(20) for (0)o =00, (cij)0 =0, (aij)o=0, (gi)o =0,

Thus, we expand the free energy around this equilibrium state. Denoting the de-
viations with respect to this state by

(21) Oneq = Oneq—bo, ij = aij—(aij)o, Eij = €ij — (€i5)0, @ = a4 —(gi)o,

the free energy F' takes the form

1 10] Oé?jélm le 2 a?je
F_FO = _Soeneq""?pcijlmgijglm_70neq€ij+75ijalm_§%Gneq""TQijeneq"’_
s 1
(22) ;me Qi Qm + %aquqiqj,

where the order terms higher than the second one are neglected and the deviation
éneq continues to be called 6,,c4. In this equation the property that F' is invariant
under time reversal has been used, so that no terms containing ¢; at first order
are present. Furthermore, ¢ denotes the specific heat, c;;, is the elastic tensor,
)\fj are the thermoelastic constants and the other quantities express the inter-
actions among the various fields present in the system. Moreover, the constant
phenomenological coefficients satisfy the following symmetry relations

(23) Cijim = Clmij = Cjilm = Cijml = Cjiml = Cmlij = Cmlji = Clmji
6 __ 0 ae __ _ae __ _ae __ . ae aa __ . aa
(24) )‘ij = >‘ji> Qiitm = Cmgi = YUmi; = Yilmo Ygim = Xmags
99 _ 49
(25) all = afl.

Finally, using the laws of state (12) and the definitions of affinities (13), from the
approximated expression for the free energy (22), the following expressions are
derived

(26) 045 = Cijlm€lm — )\?jeneq + a?jelmalmy
6 ab
v c o
27 S =80+ —2Leij + 7 Oneq — —=aj,
( ) p J 90 q p J

91



L. Restuccia

ae ab aa
(28) Tij = QjimEim + Q55 Oneq + Q1 Qim,

P =

(20) I = af%g.

Furthermore, from (8) we have the following linearized rate equations for the dis-
location tensor and the heat flux, where the constitutive functions A;;(C) and
Q;(C) have been constructed as linear objective polonomial expressions in terms
of the independent variables (see [27]),

(30) cuij = Vijie + Bliment + BiikOneq,k + B0t + Bkt it + Bk + Aij (@),

(31) Gi = 611k + 07i0neq.; + Oirtin + Oripin + 05505 + G

where 8°(i = 1,2,...,5) and 6" (r = 1,2,...,5) are assumed constant phenomeno-
logical tensors. The evolution equation for the internal variable (30) could be sim-
plified in the linearized form (see [7], [8])

do; o~
(32) dtzj o DVZO‘U = Aijeq + vGid;,
where it is assumed for the dislocation flux the expression V;j, = —D%O;f , with D

being a diffusion coefficient for dislocations, and the sources of dislocations reduce
to two contributions: an internal source A;; .4, describing the net formation tensor
of dislocation lines in an equilibrium state, in the absence of an external energy
flux, and a source depending on the external given heat flux ¢;. The form of this
last contribution does not pretend to be especially realistic, but only to illustrate
that thermal stresses related to ¢;g; could influence the evolution of dislocation
lines. Equation (31) generalizes Vernotte-Cattaneo relation (see [21]), in presence
of a small deformation field, a dislocation field and its gradient, that allows finite
velocities for thermal disturbances. Denoting by 7 a relaxation time associated to
the heat flux, it can take the form

(33) T4i = =i — Xij0neaj + XijnEik + Xije @k + Xijr@n + G,

where we have indicated with lej the thermal conductivity tensor and with
X?jk, X?jk, x?jkl the tensors connected with the influence of the deformation, dis-
location and dislocation gradient fields on the heat flux relaxation, respectively.
Now, we work out the heat conduction equation.
Introducing the free energy F' = U — 0,,¢4.5, considering the material derivative
of this expression

(34) poneqs = PU - pSéneq - va
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and taking into consideration the balance energy equation (7), we obtain
(35) P00neqS = 0ijéis — Gii — Gii — PobnegS — poF,

where p is considered practically constant and denoted by pg.
From (35), calculating the material derivative of the free energy
F = F (€ij,0neq. aij,¢;), we have

P0OneqS = 0ij€i5 — Qii — Gii — PoOneqS — PoH_—Cij~
Eij

or . oF OF
36 —p0 =7 Oneq — Po=—0i; — Po=—0i-
(36) Po 90 Unea Po 6Clij A5 — Po 94: q
Finally, using the laws of state and the definitions of the affinities, we derive
(37) POneqS = —Gii — Gii — Tijai; — 124,

Neglecting in equations (27) the influence of the strain deformation field and in
(33) the influence of the strain deformation field and the gradient of dislocation
field, we obtain the following constitutive equation for S and the following rate
equation for the heat flux

af
(38) S - S() + ianeq - ﬁaij,

0o P
(39) Tq'i = —q; — lejeneq,j + X?jkajk + qi~

Equation (39) is a generalized Vernotte-Cattaneo equation, in presence of a dislo-
cation field and an external energy flux.

Then, we linearize equation (37) obtaining the heat conduction equation in
the form

(40) p000S = —qii — i, 7p00S = —7(dii + Gii)-
From (40)2, using (38), (39) and (40);, we have

Cc; a?je [ Oé%e
00 (g — —L i) = —poBo(~—Breq — —Lcvi;)+
Tpo 0(00 neq 0 al]) Po 0(90 neq 0 Oé”)
41) e N
( Xz] neq,ji Xz]ka]k,za

where we have neglected the influence of the terms containing (j” and G; ;.
From (41) we obtain

al al
c aff | c oy ~
(42) T(%Gneq—pfgawﬂ(%@neq—Tgazj)—(m@o) "(XijOneq.ji = Xijrik,i) = 0
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Finally, introducing

6 1 3
_ Doy Xy _ Xijk
771] - ) iy ) Z]k} - 9
Po Po P

we obtain a generalized telegraphic heat equation for anisotropic crystals in pres-
ence of defects of dislocation

(43) TOneq + Oneq — 77% (rétij + cuj) = Xijk

79neq,ji - Tajk,ia
where we suppose «;; obeys the rate equation (32).

Now, if we consider the case of isotropic defective solids, having symmetry
properties, under orthogonal transformations, which are invariant with respect
to all the rotations and inversions of the frame of axes, for the Curie symmetry
principle we have:

i) the polar tensor of order two must have the form

Nij = Ndij, kij = kdyj,

with k the thermal conductivity,
ii) the polar tensor of order three vanishes

Xijk = 0.
The heat equation becomes

: k
(44) Teneq + Hneq - g (7_0411 + Oé”) == Eeneq,ii;

leading to finite speeds of propagation of thermal disturbances. It is a generalized
telegraphic equation for isotropic defective nanosystems. In the case that the solid
is perfect (44) reduces to the telegrafic equation

7-Gneq + eneq = Eeneq,iia

whose solution is well known.

Conclusions

In this paper we have considered a nanosystem with defects submitted to an
external energy flux. We have proposed a model in which the defects of dislocations
or porous channels are considered as an internal variable with its own dynamics.
This allows a richer description of the system than simply assuming the disloca-
tions as a static given parameter. This idea could be also used in simpler systems,
as for instance porous systems, where the pores are usually considered as a set
of fixed spheres inside the bulk of the body, but without a dynamics. The second
point in our model is that we have assumed that an additional heat flux (or an
energy flux, in general) may contribute to the dynamics of the defects. This could
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have interesting consequences on heat transfer. Indeed, the defects obviously have
an influence on the thermal conductivity. If the dynamics of the defects depends
on the heat flux, the latter one may have a static and a dynamic influence on
the thermal conductivity. In particular, if there is some sort of ”"phonon drag”
of defects (i.e. if the heat flux was able to produce a slow drift on the defects)
this could open the way to a procedure for improving the so-called ”phononic”
devices, leading, for instance, to a negative differential heat conductivity, which is
necessary to get phononic transistors. This topic is being studied nowadays, and
we hope to report on the results in a near future. Another original point of this
paper is the detailed consideration of the constitutive equations for internal energy
and entropy, and getting, from them, a caloric temperature and an entropic tem-
perature, which are equal at equilibrium but may be different out of equilibrium.
The entropic temperature is related to heat transfer, and it may have influence on
the effective thermal conductivity, whereas the caloric temperature is related to
the energy content and, therefore, it may have an influence on the specific heat.
Careful attention to these aspects should be taken in the future.
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