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Formation of the internal structure of solids under severe load
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An alternative form of kinetic equations, involving the internal and free energies symmetrically, has been
derived in the framework of the theory of vacancies. Dynamical nature of irreversible phenomena during
formation and motion of defects (dislocations) has been analyzed by a computer experiment. Results of this
simulation are then extended into a thermodynamic identity, involving the law of conservation of energy at
interaction with an environment (the first law of thermodynamics) and the law of energy transformation in the
internal degrees of freedom (relaxation). This identity is compared to the analogous Jarzynski identity. The
approach is illustrated by simulation of processes during severe plastic deformation; the Rybin kinetic equation

for this case has been derived.
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I. INTRODUCTION

Thermodynamics of internal state variables has a long his-
tory. An important idea to account for internal microstructure
changes in polyatomic gas by introducing an additional vari-
able was proposed by Herzfeld and Rice in 1928 [1]. Later,
the concept was used by Mandelshtam and Leontovich for
solving a similar problem for liquids [2]. Supplemented with
elements of rational mechanics, the concept took a com-
pleted and closed form in the works by Coleman and Gurtin
[3]. The concept was given an alternative development in the
works by Landau, who constructed a phenomenological
theory of phase transitions based on the newly introduced
internal state variable, the order parameter [4,5].

A large variety of kinetic equations has been proposed,
describing changes in the internal structure under nonequi-
librium conditions, within the conceptual framework of con-
stitutional theories [6,7], continuum theories of defects
[8-11], extended continuum theories [12,13], self-
organization theories of dislocations [14-16], gradient
[17,18] and nonlocal theories [19,20], mesoscopic theories
[21,22], and so on. There is a special need to mention the
works of Landau’s school [4,5], which was developing one
of the most physical lines of the theory of nonequilibrium
phenomena. In the modern science, the line is presented by
phase-field theories [23-29]. Unlike the Landau theory, the
order parameter of phase-field theory is not well defined, but
it does not hinder getting the results which are in a good
accordance with the behavior of real systems.

The order parameter, introduced by Landau, is a type of
an internal variable and, therefore, it should describe changes
in real structural state of a system. This description, however,
is not directly expressed in terms of structure itself but
through an immediate indicator, connected with symmetry
change. It may turn out that in some applications, it is more
convenient to relate a system state directly to the change of a
specific structural parameter, for example, the density of de-
fects.

Internal phenomena in solids represent a complex pattern
of mutual transformations of the energy between different
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forms. In most cases, the physical nature of these phenomena
is not defined concretely [30]. It is assumed that they are of
fluctuation origin [31,32]. At the same time, the generation
and motion of structural defects in a solid under severe ex-
ternal action can also be regarded as some internal process,
characterized by a set of internal variables [33]. These chan-
nels of energy dissipation still differ from traditional viscous
channels due to the dynamic nature of relaxation, involving
the defects. It does not run directly by means of transition of
the organized energy to chaotic thermal one but goes through
a series of intermediate levels and stages. During generation
of defects, a part of organized (elastic) energy is spent di-
rectly on the formation of structural defects which, along
with the thermal channel, make parallel channels of dissipa-
tion.

Transformation of the energy into thermal form is not
immediate. Initially, it is radiated as low-frequency vibra-
tions and waves (acoustic emission), which can be treated as
a part of the general dissipation phenomenon [34-36].
Thereupon, this part of the energy replenishes the energy of
the equilibrium thermal vibrations (waves). So, the energy
stored in the nonequilibrium subsystem is usually small.

The present paper is devoted to the development of the
Landau approach. In Sec. II on the example of the vacancy
theory, an alternative form of kinetic equations symmetrical
with respect to free and internal energy utilizations is pro-
posed. In this section, invoking molecular-dynamics simula-
tion, we separate equilibrium and nonequilibrium heat sub-
systems of a solid under severe load and introduce a notion
of nonequilibrium temperature. In Sec. III, the results are
extended in the form of a thermodynamic identity, combin-
ing the first and second laws of thermodynamics for the de-
scribed processes. These results are discussed in Sec. IV.
Section V is devoted to the application of kinetic equations
to the description of grain refinement during severe plastic
deformation. Our conclusions are presented in Sec. VI.

II. KINETIC EQUATIONS

To start with the analysis, it is convenient to maximally
simplify the problem. Let us split it into two separately
treated parts: the first, structural one, connected with genera-
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FIG. 1. Plots of the internal (a)
and free (b) energies vs its eige-
narguments. Tendency of the sys-
tem to the equilibrium state is in-
dicated by arrows.
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tion of defects and the second, thermal part. Moreover, we
consider the structural part of the problem basing on the
simplest example of a solid with vacancies.

A. Structural part of the problem

The classical theory of vacancies was developed by Fren-
kel [37], who presented the internal energy of a solid with
vacancies in the form U=Uy+uyn, where U, is the internal
energy of the vacancy-free crystal, uy is the average vacancy
energy, and n is the number of vacancies. Next, the transfor-
mation to the configurational free energy F,.=U-TS,, where
T is the temperature and S, is the configurational entropy, is
performed. The product 7S, is the vacancy-bounded energy.
The configurational entropy is uniquely determined by the
number of vacancies S,=S.(n) and, for example, at low va-
cancy density [38]

N
SC=kn<1+ln—>, (1)
n

where k is the Boltzmann’s constant and N is the total
number of occupied lattice sites. The equilibrium value of
the number of vacancies n, is found from the free-energy
minimum, assuming that the vacancy energy is independent
of the number of vacancies, that is, uy=uy), where uyq
is a constant value for a given matter. The free-energy mini-
mization procedure results in the equation of state n,
=N exp[—(uyo/kT)].

To account for the dependence of vacancy energy on the
vacancy number, a quadratic correction to the internal energy
is considered

1
U=Uy+ uygn— zuwnz, (2)

where uy, is a constant. As the energy needed for the forma-
tion of a new vacancy in the presence of the others is smaller
than in the vacancy-free crystal, the correction term has a
negative sign. Note that expression (2) is true for both equi-
librium and nonequilibrium states. In this approximation, the
internal energy is a convex function of the defect number
having the maximum at point n=n,,,,, as shown in Fig. 1(a).
For the transition to the free energy with the Legendre’s
transformation, the bound energy 7S, should be subtracted
from the internal energy.

Many problems in statistical mechanics simplify greatly
when treated in terms of chemical potential [39]. Regarding

a vacancy as an effective particle, one can, equivalently, re-
formulate the approach in terms of the chemical potential. In
this context, the product uyn is the vacancy-bound energy
too, as this part of energy is lost for work. Consequently, one
can write down the bound energy in two closed forms

TS. =~ uyn. (3)

Following the Landau style, we present a generalized ther-
modynamic force for nonequilibrium state in the form
au
Uy= "= Uy~ Uy . 4)
on
Relationship (4) can be treated as an equation of state,
valid both for the equilibrium and nonequilibrium cases. Ap-
plying, though formally, the Legendre transformation with
respect to the pair of conjugate variables uy and n and with
the relation (3) and the equation of state (4), one obtains for
the main part of configurational free energy

~ 1
Fo=U=uyn=Uy+ ——(uyy—uy). (5)
2uV1

Note that an eigenargument of the internal energy is the
vacancy number (density) and the eigenargument of the con-

figurational free energy F. is the vacancy energy. In this
approximation, the free energy is a concave function with the
minimum at point uy=uyy, as it is shown in Fig. 1(b).

We define the equilibrium state from a macrocanonical
distribution, taking it in the form

(N+n)! U(n)
fm=c=g exP(“ kT )

(6)

The pre-exponential factor describes the combinational
(that is, entropic) part of the distribution function, associated
with degeneration of macrostates. The exponential factor de-
scribes the restrictive part of the distribution function, asso-
ciated with the overcoming of potential barriers between the
microstates. The most probable state determined from condi-
tion df(n)/dn=0 gives the equation of state in the form

Uy,
=Ne -—, 7
Me Xp< kT) )
which is true only for an equilibrium case. Here, the addi-
tional subscript e denotes the equilibrium value of the vari-
able. The equations of state (7) and (4) must be identical for
the equilibrium case. Substituting Eq. (7) into Eq. (4), one
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gets a condition for determination of this state

N
kT In— = uyy— uyn,. (8)

e
In accordance with relationship (8), it is easy to show that
the equilibrium state corresponds neither to the maximum of
the internal energy U nor to the minimum of the free energy

ﬁc. The equilibrium state is at point n=n,, where

U oF,
= ne=—-——_—_ (9)
on,

Uy, .
¢ al/lve

If a system has deviated from the equilibrium state, then it
should tend back to that state with a speed, which is the
higher, the larger the deviation

on (aU ) Auy (aﬁc ) (10)
—=v\—=-uy|, —=—y\—+n,/.
ot - "\ gn T Ve g T\ oy,

Both variants of the kinetic equations are equivalent and
their application is a matter of convenience. The form of
kinetic equations (10) is symmetric with respect to the use of
the internal and configurational free energies. In the right-
hand parts of Eq. (10), the signs are chosen based on solution
stability, so that the internal energy is a convex function and
the free energy is a concave one. For the well-known
Landau-Khalatnikov kinetic equation

on JF,

ot Ton’ ()
the contradiction is typical. It is written in terms of the free
energy, but the evolved variable is not its eigenargument.
However, one could show that Eq. (11) can be derived from
the second Eq. (10) in the limit of independence of the defect
energy of the defect number uy; — 0.

Thus, the Landau-Khalatnikov equation can be conve-
niently extended to the types of defects, where the above
condition is satisfied. In the general case, when the defect
energy depends on the defect number and considerably
changes in a studied process (for example, in the case of
severe plastic deformation in metals with grain boundaries as
defects), it is more convenient to use kinetic equations in the
form (10). Peculiarities of the thermal part of the problem
can be considered for a special case of dislocation generation
during the indentation.

B. Thermal part of the problem

Time scans of the vibrationlike thermal motion of lattice
atoms can be processed as time series using signal-
processing methods. Every atom participates simultaneously
in the equilibrium and nonequilibrium motions. Due to dif-
ferences in frequency, they can be separated by means of an
ordinary filtration.

At present, however, there are no experimental methods to
register the motion of individual atoms. At the same time,
molecular-dynamics simulation allows to calculate motions
of all atoms of the lattice in detail. As an example, let us
consider the simulation of indentation into a two-
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FIG. 2. Geometry of 2D computer experiment positions of at-
oms at the time 0.21 ns. Brighter hue corresponds to higher poten-
tial energy of particles near dislocation cores.

dimensional (2D) copper crystallite consisting of 80
X 70 atoms. The indenter (three atoms under arrow) moves
at a constant velocity of 5 m/s (see Fig. 2). The lowest row of
atoms is motionless. All lateral faces are free. The sample
consists of copper atoms interacting through the Lennard-
Jones potential. A detailed general formulation of the prob-
lem can be found in Ref. [40].

The applicability of centrosymmetric MD potentials, in
particular, such as the Lennard-Jones Cu model used here to
large-scale plastic deformation, frequently has poor matches
for defect energies, such as dislocation cores. For the present
problem, this is not a serious issue as we do not claim that
we are modeling real copper. It is well known that the
Lennard-Jones potential more suits the modeling of crystals
of noble gases [41,42]. Nevertheless, it is often used for
qualitative modeling of simple metals, copper, gold, and so
on [43-46], including 2D systems [47,48].

At certain moments, during the indentation, dislocations
emerge, as shown in Fig. 2. They correspond to bends of the
curve 1 in Fig. 3, showing the time dependence of the total
internal energy or to the jumps of total potential and kinetic
energies (curves 2 and 3). The external work performed dur-
ing the indentation increases total energies of all kinds. Fur-
ther, for t=0.055, 0.14, 0.24, 0.39, and so on, the potential
energy decreases sharply. Part of this energy transforms into
defect energy and the remaining part must dissipate into heat.

Bottom subplots in Fig. 3 present the time dependences of
the X and Y components of velocity for an arbitrarily chosen
particle of the system (near the center of the model), which
actually are records of its thermal motion (incurves 4 and 6).
From a formal point of view, thermal motion can be treated
as a high-frequency signal, close to a harmonic one for sepa-
rate interatomic (bond) vibrations. The spectrum severely os-
cillates because of the interference of a large set of high-
frequency phonons [see region 1 in Fig. 4(a)]. In the low-
frequency region, a large peak 2 stands up sharply against
the rest of the spectrum. One can assume that its presence is
associated with the regular low-frequency vibrations in the
system.

Carrying out the low-frequency filtration by a running av-
erage method over 200 time steps, one can separate the low-
frequency vibration modes (bright curves 5 and 7 against
main black signals). To make sure that these low-frequency
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FIG. 3. (Color online) Time scanning: 1-3: total internal, poten-
tial, and kinetic energies, consequently, 4 and 5: X and Y compo-
nents of velocity of an arbitrary particle in the center of the model
(light lines are low-frequency records of particle velocity after
filtration).

vibrations are associated, namely, with the peak 2 of the
spectrum of Fig. 4(a), the filtrated record was subtracted
from the total record and for this difference signal and the
spectrum was calculated again [Fig. 4(b)]. As seen, the low-
frequency peak vanishes from the spectrum of the difference
record.

Comparing curves 2, 3, 5, and 7, one can immediately see
that the initiation of the low-frequency vibrational excita-
tions coincides in time with the generation of dislocations
and they can be, in a sense, associated with strongly nonlin-
ear acoustic emission. On the other hand, they can be treated
as nonequilibrium phonons with amplitudes far exceeding
the amplitudes of corresponding low-frequency range of the
spectrum which would be realized in thermal equilibrium
[compare spectra of Figs. 4(a) and 4(b)]. Thus, using the
low-frequency filtration, it is possible to separate, in the pure
state, the nonequilibrium subsystem (light curves 5 and 7)
and the equilibrium subsystem (the difference signal) of a
thermal motion. The acoustic waves scatter inelastically by
the equilibrium high-frequency vibrations and, as a result,
became damped. Decay of these waves is just a process of
nonequilibrium state relaxation. As a result, the energy of the
acoustic waves gradually transforms into the energy of the
equilibrium thermal motion leading to slow increase of equi-
librium temperature and entropy.
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FIG. 4. Spectrum of complete record for velocity of a particle.
1: main high-frequency region; 2: low-frequency peak.

During the indentation, dislocations emerge repeatedly in
time. That is why some number of the low-frequency non-
equilibrium wave packets is always present as part of the
integral thermal motion. On one hand, they are generated as
a consequence of the mentioned processes of defect forma-
tion. On the other hand, they are constantly going to the
equilibrium subsystem. By averaging the square of particle
velocity (that is, the Kinetic energy) for the difference record
over time window containing 1000 time steps, we obtain an
equilibrium temperaturelike variable 7 (curve 1, Fig. 5).
Such averaging window contains nearly 20 periods of the
high-frequency vibrations and it seems to be enough to
smooth of random fluctuations of the thermal motion. As
seen, the equilibrium temperature 7 increases as the energy
of nonequilibrium low-frequency vibration transforms into
the equilibrium high-frequency motion.

As the low-frequency acoustic wave differs from the
high-frequency phonons only in the time scale, then applying
the same averaging procedure but over a larger time window
containing in the given example 10 000 time steps, it is pos-
sible to definite an analogous variable for the nonequilibrium
subsystem (curve 2, Fig. 5). It can be given a sense of a
nonequilibrium temperature T (or temperature of the non-
equilibrium subsystem). Thus, the digital filtration allows us
to separate equilibrium and nonequilibrium components in
the initial data and to calculate their temperature parameters.

Now, equilibrium S and nonequilibrium S entropies can
be defined as variables thermodynamically conjugate to the
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FIG. 5. Time scanning. 1: temperature of equilibrium sub-
system; 2: temperature of nonequilibrium subsystem. For compari-
son, the scale of curve 2 (the right scale) is 10 times magnified.

two kinds of temperatures described above. The dependence

of the internal energy U on the nonequilibrium entropy S can
be written in the form similar to Eq. (2)

~ 1 =
U=U,+ TOS—ETISZ, (12)
where U, Ty, and T, are some expansion coefficients. Then,
the nonequilibrium temperature T can be written down as
=T,-T,S.

T= (13)

Q>|%
U |

Production of the nonequilibrium entropy can be described
by a kinetic equation similar to Eq. (10)

aS U ~ -
—=vy| —=-T.|=¥(Ty-T:S-T,). (14)
Jt X

Here, Ty can be interpreted as some “temperature” of the
internal entropy sources as a consequence of the dislocation
generation such that 57|, is the power of entropy sources.
This temperature characterizes the intensity of generation of
the low-frequency vibrations during transient dynamical pro-
cesses developing under genesis of dislocations (the acoustic

emission). The second term Tlg is a relaxation one. It de-

scribes transition of the entropy S from the nonequilibrium
subsystem to equilibrium one due to the absorption of the
low-frequency vibrations as a consequence of their interac-
tion with the equilibrium high-frequency ones. Coefficient T

characterizes the intensity of this relaxation process. 7T, is a
stationary nonequilibrium temperature value the system
tends to during its relaxation. Note finally that in the phe-

nomenological definition (13), the temperature T is some-
what different from the temperaturelike variable in the above
computer experiment as, in the latter case, only the kinetic
energy of a particle is taken in account.
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III. THERMODYNAMIC IDENTITY

The results of the previous section and their interpretation
allow us to make some useful generalizations. In thermody-
namics and theory of self-organization, the subdivision of
entropy change is well known [49]

AS=AS+AS, (15)

where A,S is the entropy change owing to heat flux from
external sources (thermostats). The heat flux is globally non-
equilibrium but a locally equilibrium process. A,S is positive
at heating and negative at cooling. A;S is the entropy produc-
tion due to irreversible phenomena from internal sources.
Namely, this part of the entropy specifies the second law of
thermodynamics and is always nonnegative. It is of a dual
nature: on one hand, this contribution to entropy is caused by
nonequilibrium and irreversible nature of phenomena, on the
other hand, this entropy part converts constantly to equilib-
rium form. Therefore, it is pertinent to present this part of the
entropy as a sum

AS=AS+A!S, (16)

where A{S is the part of produced entropy, succeeded in
transforming to the equilibrium form during external action,
and A’S is the part of produced entropy, which remains in
the nonequilibrium form and should relax later. The former
part A{S became indistinguishable from the other part of the
equilibrium entropy (thermal degeneration) which had al-
ready been existing in the system before the action. Thus, it
makes sense to integrate them denoting

A, S=AS+ALS, (17)
so that the total entropy change is
AS=A,,S+A}S. (18)

Such representation of the entropy production is one of
the original results of this paper. Usually, one neglects the
nonequilibrium part of the entropy A?S. Entropy production
is accompanied by heat production which, in the first ap-
proximation, can be presented as a linear combination of
entropy changes of the both kinds

AQ=TA,,S+TA!S, (19)
where T and T are some coefficients of proportionality with a
dimension of temperature. Coefficient 7 has the physical

meaning of the equilibrium temperature. Coefficient T can be
assigned a meaning of nonequilibrium temperature or of a
temperature of nonequilibrium subsystem.

The total change of the internal energy under the external
actions, due to the change of internal structure in relaxation
processes, can be written as a linear combination of changes
of all independent variables

N

dU= Vcr,]dsle] + TdS + ’]:AS;'" 2 QDZAHZ,
=1

(20)

where more compact notations dS=A,,S and A§=A;’S are
used. The first term is the change of the internal energy,

051121-5



LEONID S. METLOV

coinciding with the change of the elastic energy, o;; is the
stress tensor, and sfj is the elastic deformation tensor [3]. The
last term stands for the change of the internal energy owing
to defect subsystems, H, is the number of /-type defects, and
¢, is the factor having the meaning of a defect energy. Here
it is taken into account that the internal energy, the elastic
deformation, and the equilibrium entropy are functions of
state (therefore, their decrements are perfect differentials).
If, following Landau’s idea, one treats the nonequilibrium

variables T and ¢; as generalized thermodynamic forces, for
which relationships of the type (4)

~ U 20
T=—, ¢=—7 (21)
EXS oH,

hold, then, in expression (20), the increments of the indepen-

dent variables AS and AH, can be replaced by their exact
differentials

N

dU = Vode{;+ TdS + TdS + >, ¢idH,. (22)
=1

Thus, the increment of the internal energy can be ex-
pressed in a perfect differential form and, consequently, we
can introduce an extended nonequilibrium state, specified by

a set of independent variables sfj, S, §, and H;. Some of these
variables €, and S are equilibrated; the others, S and H,, are
nonequilibrated. The internal energy is a function of these
variables

U=U(;,S.5.H)). (23)
To describe the isothermal phenomena, it is convenient to
convert to the free energy F=U-TS of the differential form

N

dF = Vode;; - SdT + TdS + >, ¢idH,. (24)
=1

IV. DISCUSSION

One can treat relationship (22) as a combination of the
first and second laws of thermodynamics, written in the form
of identity. Previous attempts to formulate such an identity
are known [50,51]. For example, in the Van’s work, the
Gibbs relationship in the context of extended thermodynam-
ics with internal-state variables is presented in the form

du=Tds+f- -dé-A-da, (25)

where u and s are densities of internal energy and entropy, T
is the absolute temperature, é and 7 are tensors of deforma-
tion (total) and stress, and A is a vector thermodynamically
conjugate to the vector of internal parameters a. The first
two terms are useful attributes of the combined first and sec-
ond laws of thermodynamics; the last term A-da=0
quenches an excess energy. If one drops it, a common ex-
pression for the law in the form of inequality du=Tds
+7--dé results. In the case of the structureless body, this

PHYSICAL REVIEW E 81, 051121 (2010)

inequality arises as a common part of the internal energy that
has been taken in account twice: first, in the form of irrevers-

ible work AA,=AA-7- -d;; and, second, in the form of in-

ternal heat released TAS+TA”S. This redundant energy is
subtracted in the right-hand side of Eq. (25).

However, because the total deformation € is irreversible,
the elastic stresses 7 cannot be calculated as a derivative
f=0u/3é. Only the reversible (elastic) part of the deforma-

tion can suit the case 7=du/de¢ [3]. Therefore, the structure
of relationship (22) more correctly reflects the physical na-
ture of the mutual energy transformations in internal pro-
cesses. In relationship (22), two aspects of the law of con-
servation of energy are taken into account simultaneously. It
is the law of conservation for a given reference volume in-
teracting with the environment (the Ist law of thermodynam-
ics) and the law of conservation or the law of transformation

of energy in internal degrees of freedom AA,=TAS+TA".
Moreover, in relationship (22), both the structural aspect

¢, dH; and the dynamic one TdS are taken into account.

The presentation of the combined first and second laws of
thermodynamics for a specific case of unstructured solids
and for isothermal processes in form of Jarzynski’s identity

[52,53]
el l)

is also known. Here, the angular brackets denote averaging
over all states of the system, AF is the free-energy increment
in an isothermal process, and W is the work performed for
the system. If the increment AF and the work W are small,
then, expanding the exponents in a series and restricting our-
selves to the first terms of the series, we obtain

(w?) W)

dF ={(W) - % =Vo,de;; - % = Va',-jdsfj. (27)

The first term (W) represents the total work performed for
the system; the second term (W2)/2kT stands for the energy
dissipated as a result of irreversible internal processes. Their
difference is the reversible elastic energy. For an isothermal
process dT=0, neglecting both transitional thermal processes

dS=0 and contribution from structure of a solid dH,;=0, we
obtain from Eq. (24) dF=Voyde;; that coincides with the
Jarzynski’s identity in the limit (27).

V. OUTLINE FOR APPLICATION TO SEVERE PLASTIC
DEFORMATION

It is of interest to consider how the above general rela-
tionships can be applied to solving practical problems. One
of such problems are changes in the internal structure of
metals, processed by severe plastic deformation (SPD)
[54-56]. During SPD, the grain boundaries are intensively
produced, resulting in refinement and fragmentation of the
grains. The refinement of grains, at the expense of multipli-
cation of their boundaries, is the main process of SPD and
the grain boundaries are the main structural defects [56]. At
the same time, the building materials for the grain bound-
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aries are dislocations and dislocation pile-ups. That is why,
for the description of SPD, these two kinds of defects or the
two levels of defectiveness need to be taken in account as a
minimum. Up to quadratic terms in the expansion of the
internal energy

1 ~~ 1~ ~
U=Uy+ @oH - Ecle? + @oH — 5¢1H2 + pHH. (28)
The corresponding kinetic equations (10) are
oH ~
v =@~ ¢+ ¢H,
ot
oH _  _ -
H o0 = o~ ¢1H + ¢H (29)

Here, the dislocation-related variables are marked by
tilde. The last terms describe the mutual influence of differ-
ent levels. In an adiabatic limit 75<< 7y, the equilibrium
value of dislocation number (or density) is derived from sta-
tionary condition for the second Eq. (14)

~ 1
H=—(g - ¢H). (30)

@1
This stationary value can be used to exclude the dislocation
number from the first Eq. (29)

oH b
T =@o— o1 H+ — (g, — oH) = ¢/ — ¢H.

31
- - (31)

Thus, the account of dislocations in the adiabatic ap-
proach has brought only the renormalization of constants.
Let us now consider the next level of approximation, assum-
ing, namely, that the right-hand part of the second Eq. (29) is
not strictly zero, but equals a small constant, depending on H
parametrically (quasiadiabatic approximation)

Bo— @ H+pH=¢. (32)
Integrating the second Eq. (29), we obtain
~ 1 1
H=—¢t+—(y+ ¢H). (33)
TH b1

Substituting this relationship into the first Eq. (29) and taking
e=gg+¢&H, we find

oH

Ty— = (pgf— qoffH+ isot— islHt. (34)

ot TH TH
Taking formally H=wv/k and t=e/V, and also gogf
=krpegVik, ¢=krye)V, so=krymV?/ke, and g

=k1yT7V?/ ¢, we get an equation close to the Rybin’s kinetic
equation [57]
1dv

——=—egteyv+e—ve.

Kkde (35)

Note that the first two terms in Egs. (34) and (35) have
opposite signs. The first term in Eq. (35) can be treated as
annihilation of grain boundaries, developing by itself at a
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constant speed. The second term describes generation of
boundaries, with a speed being the higher the more bound-
aries (or fragments) are present in a solid. For e¢,=0.2 [57],
it can be argued that the contribution of the first two terms to
kinetics of fragmentation is small. Within this accuracy, Egs.
(34) and (35) coincide.

Thus, in the framework of the approach, the well-known
and well-approbated kinetic equation for the description of
the grain fragmentation during SPD has been derived. At the
same time, the approach has more general context that per-
mits to take the influence of thermal processes into account
and to develop two-mode approximations with the expansion
of thermodynamic potentials into a higher power series in
terms of defectiveness of solids [58].

VI. CONCLUDING REMARKS

In the paper, a phenomenological approach, based on ex-
tension of Landau’s technique to cases of quick-passing non-
equilibrium phenomena, such as severe plastic deformation,
is considered. For fast processes, thermal fluctuations have
no time to exert essential influence and the problem can be
considered in the mean-field approximation. The approach is
based not on an abstract order parameter but on a physical
parameters of structural defects—their quantity (density) and
the average energy. Analysis from these positions, in the
framework of a version of the theory of vacancies, shows
that the known Landau-Khalatnikov kinetic equation is con-
venient only if the dependence of the vacancy energy on
their density is neglected. In the case of an arbitrary depen-
dence of vacancy energy on their density, it iS convenient to
use a more general form of kinetic equations, symmetric
with respect to using the internal energy U and main part of

free energy F .. In this case, the density of defects and defect
energy are related by a symmetric differential dependence of
types (9) and (10). Because the defect energy in the steady
state is not equal to zero, the extremal principle of equality to
zero of the derivative of free energy with respect to order
parameter (in this case the defect energy) breaks down. This
principle need be substituted with principle of the tendency
to a steady state. Steady-state characteristics cannot be deter-
mined in the framework of phenomenological approach; here
statistical and microscopic approaches are required.

The present form of kinetic equations can be extended to
all types of regularly or randomly distributed defects and to
all types of nonequilibrium parameters, including thermal
variables. On the basis of computer experiment, it has been
shown that in the case of fast processes, the irreversibility is
not so much connected to fluctuation phenomena, as to dy-
namical process of acoustic emission during the formation
and motion of defects. In this case, the acoustic emission
over all structural levels is a part of the relaxation process
[34-36] that permits to describe the entropy generation (14)
in the same form as generation of defects (10).

The results are extended in the form of thermodynamic
identity, properly combining the first and second laws of
thermodynamics in a finite-difference form. The finite-
difference version coincides with the known Jarzynski ther-
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modynamic identity for isothermal processes, expressed in
terms of free energy.

To illustrate the applicability of the approach, the problem
of description of nonequilibrium phenomena during severe
plastic deformation is considered. In the framework of phe-
nomenological one-mode (quadratic with respect to energy)
model, taking into account two levels of defect structure, i.e.,
dislocations and grain boundaries, the approach results in the
known Rybin kinetic equation [57]. But it also permits to
consider more complex dependences of thermodynamic po-
tentials on model parameters. For example, in the framework
of two-mode approximation using the polynomials of the

PHYSICAL REVIEW E 81, 051121 (2010)

fourth power for presentation of thermodynamic potentials,
the severe plastic deformation can be represented as a struc-
tural phase transition of the first kind [58].

ACKNOWLEDGMENTS

The work was supported by the Budget Topic No.
0106U006931 of NAS of Ukraine and partially by the Ukrai-
nian State Fund of Fundamental Researches (Grant No.
F28.7/060). The author thanks A. Filippov for helpful discus-
sions.

[1] K. F. Herzfeld and F. O. Rice, Phys. Rev. 31, 691 (1928).

[2] L. Mandelshtam and M. Leontovich, J. Exp. Theor. Phys. 7,
438 (1937).

[3] B. Coleman and M. Gurtin, J. Chem. Phys. 47, 597 (1967).

[4] L. Landau and I. Khalatnikov, Sov. Phys. Dokl. 96, 469
(1954).

[5]L. Landau and E. Lifshitz, Statistical Mechanics (Pergamon
Press, Oxford, 1969).

[6] S. R. Bodner, Arch. Mech. 57, 73 (2005).

[7]1F. J. Zerilli and R. W. Armstrong, J. Appl. Phys. 61, 1816
(1987).

[8]J. Eshelby, Solid State Phys. 3, 79 (1956).

[91 E. Kroner, Kontinuums Theorie der Versetzungen und
Eigenspannungen (Springer-Verlag, Berlin, 1958).

[10] A. Cadec and D. Edelen, A Gauge Theory of Dislocations and
Disclinations (Springer-Verlag, Berlin, 1983).

[11]R. Sedlacek and E. Werner, Phys. Rev. B 69, 134114
(2004).

[12] P. G. Kevrekidis, 1. G. Kevrekidis, A. R. Bishop, and E. S. Titi,
Phys. Rev. E 65, 046613 (2002).

[13] S. Forest and R. Sedlacek, Philos. Mag. 83, 245 (2003).

[14] M. Glazov, L. Llanes, and C. Laird, Phys. Status Solidi A 149,
297 (1995).

[15] G. Malygin, Phys. Usp. 42, 887 (1999).

[16] S. Varadhan, A. J. Beaudoin, and C. Fressengeas, International
Conference on Statistical Mechanics of Plasticity and Related
Instabilities, Bangalore, India, 2005 (unpublished).

[17] M. Y. Gutkin and K. Aifantis, Phys. Status Solidi B 214, 245
(1999).

[18] M. Y. Gutkin, Rev. Adv. Mater. Sci. 13, 125 (2006).

[19]Z. P. Bazant and M. Jirasek, J. Eng. Mech. 128, 1119
(2002).

[20] R. H. J. Peerlings, M. G. D. Geers, R. de Borst, and W. A. M.
Brekelmans, Int. J. Solids Struct. 38, 7723 (2001).

[21] B. Devincre, L. P. Kubin, C. Lemarchand, and R. Madec,
Mater. Sci. Eng., A 309-310, 211 (2001).

[22]J. M. Rubi and A. Gadomski, Physica A 326, 333 (2003).

[23]I. S. Aranson, V. A. Kalatsky, and V. M. Vinokur, Phys. Rev.
Lett. 85, 118 (2000).

[24] L. O. Eastgate, J. P. Sethna, M. Rauscher, T. Cretegny, C. S.
Chen, and C. R. Myers, Phys. Rev. E 65, 036117 (2002).
[25] V. L. Levitas, D. L. Preston, and D. W. Lee, Phys. Rev. B 68,

134201 (2003).

[26] J. C. Ramirez, C. Beckermann, A. Karma, and H. J. Diepers,
Phys. Rev. E 69, 051607 (2004).

[27] L. Granasy, T. Pusztai, G. Tegze, J. A. Warren, and J. F. Dou-
glas, Phys. Rev. E 72, 011605 (2005).

[28] C. V. Achim, M. Karttunen, K. R. Elder, E. Granato, T. Ala-
Nissila, and S. C. Ying, Phys. Rev. E 74, 021104 (2006).
[29]J. Rosam, P. K. Jimack, and A. M. Mullis, Phys. Rev. E 79,

030601(R) (2009).

[30] 1. Bazarov, Thermodynamics (Pergamon, Oxford, 1964).

[31] T. Yamada and K. Kawasaki, Prog. Theor. Phys. 38, 1031
(1967).

[32] H. Callen and T. Welton, Phys. Rev. 83, 34 (1951).

[33] J. Clayton, Int. J. Solids Struct. 42, 4613 (2005).

[34] E-J. Perez-Reche, L. Truskinovsky, and G. Zanzotto, Phys.
Rev. Lett. 99, 075501 (2007).

[35] M. Iwaniec, Mol. Quant. Acoust. 25, 121 (2004).

[36] M. Kashchenko, e-print arXiv:cond-mat/0601569.

[37] J. 1. Frenkel, Kinetic Theory of Liquids (Dover, New York,
1955).

[38] M. Apostol, J. Phys. Chem. 100, 14835 (1996).

[39] C. Kittel, Am. J. Phys. 35, 483 (1967).

[40] L. Metlov, Nanosystems, Nanomaterials, Nanotechnologies 4,
209 (2006); L. Metlov, e-print arXiv:cond-mat/0210486; L.
Metlov, e-print arXiv:cond-mat/0305129.

[41] J. A. Reisslend, The Physics of Phonons (John Wiley and Sons,
Ltd., London, 1973).

[42] D. Frenkel, Understanding Molecular Simulation. From Algo-
rithms to Applications (Academic Press, New York, 2002).

[43] D. Wolf, J. Appl. Phys. 68, 3221 (1990).

[44] J. G. Amar, Phys. Rev. B 67, 165425 (2003).

[45] H. W. Han, D. J. Kim, and H. K. Chang, J. Korean Phys. Soc.
41, 221 (2002).

[46] G. Ziegenhain, A. Hartmaier, and H. M. Urbassek, J. Mech.
Phys. Solids 57, 1514 (2009).

[47] J. Merimaa, L. F. Perondi, and K. Kaski, Comput. Phys. Com-
mun. 124, 60 (2000).

[48] N. S. Weingarten and R. L. B. Selinger, J. Mech. Phys. Solids
55, 1182 (2007).

[49] P. Glansdorff and 1. Prigogine, Thermodynamic Theory of
Structure, Stability and Fluctuations (Wiley Interscience, Lon-
don, 1971).

[50] V. Etkin, (Thermodynamics — of Non-
Equilibrium Phenomenon Transport and Energy Transform)

Thermokinetics

051121-8


http://dx.doi.org/10.1103/PhysRev.31.691
http://dx.doi.org/10.1063/1.1711937
http://dx.doi.org/10.1063/1.338024
http://dx.doi.org/10.1063/1.338024
http://dx.doi.org/10.1016/S0081-1947(08)60132-0
http://dx.doi.org/10.1103/PhysRevB.69.134114
http://dx.doi.org/10.1103/PhysRevB.69.134114
http://dx.doi.org/10.1103/PhysRevE.65.046613
http://dx.doi.org/10.1080/0141861021000022255
http://dx.doi.org/10.1002/pssa.2211490121
http://dx.doi.org/10.1002/pssa.2211490121
http://dx.doi.org/10.1070/PU1999v042n09ABEH000563
http://dx.doi.org/10.1002/(SICI)1521-3951(199908)214:2<245::AID-PSSB245>3.0.CO;2-P
http://dx.doi.org/10.1002/(SICI)1521-3951(199908)214:2<245::AID-PSSB245>3.0.CO;2-P
http://dx.doi.org/10.1061/(ASCE)0733-9399(2002)128:11(1119)
http://dx.doi.org/10.1061/(ASCE)0733-9399(2002)128:11(1119)
http://dx.doi.org/10.1016/S0020-7683(01)00087-7
http://dx.doi.org/10.1016/S0921-5093(00)01725-1
http://dx.doi.org/10.1016/S0378-4371(03)00282-6
http://dx.doi.org/10.1103/PhysRevLett.85.118
http://dx.doi.org/10.1103/PhysRevLett.85.118
http://dx.doi.org/10.1103/PhysRevE.65.036117
http://dx.doi.org/10.1103/PhysRevB.68.134201
http://dx.doi.org/10.1103/PhysRevB.68.134201
http://dx.doi.org/10.1103/PhysRevE.69.051607
http://dx.doi.org/10.1103/PhysRevE.72.011605
http://dx.doi.org/10.1103/PhysRevE.74.021104
http://dx.doi.org/10.1103/PhysRevE.79.030601
http://dx.doi.org/10.1103/PhysRevE.79.030601
http://dx.doi.org/10.1143/PTP.38.1031
http://dx.doi.org/10.1143/PTP.38.1031
http://dx.doi.org/10.1103/PhysRev.83.34
http://dx.doi.org/10.1016/j.ijsolstr.2005.02.031
http://dx.doi.org/10.1103/PhysRevLett.99.075501
http://dx.doi.org/10.1103/PhysRevLett.99.075501
http://arXiv.org/abs/arXiv:cond-mat/0601569
http://dx.doi.org/10.1021/jp960820r
http://dx.doi.org/10.1119/1.1974154
http://arXiv.org/abs/arXiv:cond-mat/0210486
http://arXiv.org/abs/arXiv:cond-mat/0305129
http://dx.doi.org/10.1063/1.346373
http://dx.doi.org/10.1103/PhysRevB.67.165425
http://dx.doi.org/10.1016/j.jmps.2009.05.011
http://dx.doi.org/10.1016/j.jmps.2009.05.011
http://dx.doi.org/10.1016/S0010-4655(99)00264-7
http://dx.doi.org/10.1016/S0010-4655(99)00264-7
http://dx.doi.org/10.1016/j.jmps.2006.11.011
http://dx.doi.org/10.1016/j.jmps.2006.11.011

FORMATION OF THE INTERNAL STRUCTURE OF SOLIDS ...

(International Academic Business Press, Tol'yatti, 1999) (in
Russian).

[51] P. Van, J. Noneq. Therm. 26, 167 (2001).

[52] C. Jarzynski, Phys. Rev. Lett. 78, 2690 (1997).

[53] C. Jarzynski, Phys. Rev. E 56, 5018 (1997).

[54] R. Valiev, R. Islamgaliev, and 1. Alexandrov, Prog. Mater. Sci.
45, 103 (2000).

[55] V. Kopylov and V. Chuvildeev, Severe Plastic Deformation:

PHYSICAL REVIEW E 81, 051121 (2010)

Towards Bulk Production of Nanostructured Materials, edited
by A. Burhanettin (Nova Science Publishers, New York,
2006), p. 37.

[56] Y. H. Zhao, K. Lu, and K. Zhang, Phys. Rev. B 66, 085404
(2002).

[57] V. V. Rybin, Izv. Vyssh. Uchebn. Zaved. Fiz. 34(3), 7 (1991)
(in Russian).

[58] L. Metlov, Bulletin Russ. Acad. Sci. Phys. 72, 1283 (2008).

051121-9


http://dx.doi.org/10.1515/JNETDY.2001.012
http://dx.doi.org/10.1103/PhysRevLett.78.2690
http://dx.doi.org/10.1103/PhysRevE.56.5018
http://dx.doi.org/10.1016/S0079-6425(99)00007-9
http://dx.doi.org/10.1016/S0079-6425(99)00007-9
http://dx.doi.org/10.1103/PhysRevB.66.085404
http://dx.doi.org/10.1103/PhysRevB.66.085404
http://dx.doi.org/10.3103/S1062873808090311

