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A model is proposed that allows one to describe a change in the nonequilibrium state and diffusion properties of grain boundaries 
during low-temperature annealing of submicrocrystalline materials containing in the initial state a system of grain-boundary 
nano-cavities. It is shown that the dissolution of grain-boundary cavities during annealing leads to the emission of vacancies 
from the cavities into the grain boundaries and to an increase in the nonequilibrium free volume of the grain boundaries. As a 
result, the coefficient of grain-boundary diffusion, which is exponentially dependent on the value of the free volume of grain 
boundaries, also changes. The influence of the initial value of the volume fraction of grain-boundary cavities and the initial 
value of the nonequilibrium free volume of grain boundaries on the kinetics of cavity dissolution and the dependence of the 
grain-boundary diffusion coefficient on the annealing time is analyzed. It is established that this dependence has three stages.  
The first stage is characterized by a slow increase in the coefficient of grain-boundary diffusion due to the 
fact that the process of vacancies emission into the grain boundaries associated with the dissolution of 
cavities is equalized by the outflux of nonequilibrium vacancies from the boundaries into the grain volume.  
The short-term second stage is characterized by a sharp increase in the coefficient of grain-boundary diffusion and is associated 
with the rapid collapse of the cavities when they reach a critical radius. At this stage, the coefficient of grain-boundary diffusion 
may exceed by 1– 2 orders of magnitude its value for the equilibrium grain boundaries. The third stage is characterized by a 
slow decrease of the diffusion coefficient and is associated with the outflux of nonequilibrium vacancies into the grain volume. 
Thus, contrary to the prevailing ideas that annealing is always accompanied by the transition of grain boundaries into a more 
equilibrium state, it has been shown that in the case of low-temperature annealing of submicrocrystalline materials containing  
in the initial state grain boundary cavities, the reverse process can occur, i. e. an increase in the nonequilibrium state of grain 
boundaries caused by a change of its nonequilibrium free volume during the dissolution of cavities. It is shown that the 
nonequilibrium state of grain boundaries can be maintained for a long time of annealing.
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Предложена модель, позволяющая описать изменение неравновесного состояния и диффузионных свойств границ 
зёрен в процессе низкотемпературного отжига субмикрокристаллических материалов, содержащих в исходном со-
стоянии систему зернограничных нанопор. Показано, что растворение зернограничных пор при отжиге приводит 
к эмиссии вакансий из пор в границы зёрен и увеличению неравновесного свободного объёма границ зёрен. Как след-
ствие, изменяется и коэффициент зернограничной диффузии, экспоненциально зависящий от величины свободного 
объёма границ зёрен. Проанализировано влияние исходного значения объемной доли зернограничных пор и началь-
ного значения неравновесного свободного объёма границ зёрен на кинетику растворения пор и зависимость коэффи-
циента зернограничной диффузии от времени отжига. Установлено, что эта зависимость имеет три стадии. Для пер-
вой стадии характерно медленное увеличение коэффициента зернограничной диффузии вследствие того, что процесс 
генерации вакансий в границы зёрен, связанный с растворением пор, уравновешивается процессом оттока неравно-
весных вакансий с границ в объём зёрен. Непродолжительная вторая стадия характеризуется резким увеличением 
коэффициента зернограничной диффузии и связана с быстрым схлопыванием пор при достижении ими критическо-
го радиуса. На этой стадии коэффициент зернограничной диффузии может превышать на 1– 2 порядка его значение 
для равновесных границ зёрен. Третья стадия характеризуется медленным процессом уменьшения коэффициента 
диффузии и связана с оттоком неравновесных вакансий в объём зёрен. Таким образом, вопреки сложившимся пред-
ставлениям о том, что отжиг всегда сопровождается переходом границ зёрен в более равновесное состояние, пока-
зано, что в случае низкотемпературного отжига субмикрокристаллических материалов, содержащих в исходном со-
стоянии зернограничные поры, может осуществляться и обратный процесс — увеличение степени неравновесности 
границ зёрен, вызванное изменением их неравновесного свободного объема в процессе растворения пор. Показано, 
что неравновесное состояние границ зёрен может поддерживаться в течение длительного времени отжига.
Ключевые слова: субмикрокристаллические материалы, зернограничная диффузия, неравновесные границы зёрен, поры.

1. Introduction

Submicrocrystalline (SMC) materials produced by methods 
of severe plastic deformation (SPD) possess unique physico-
mechanical properties [1, 2]. However, after SPD treatment, a 
decrease in durability of the SMC materials under sustained 
loading is often observed. In the works of V. I. Betekhtin and 
coauthors [3, 4] it is shown that this effect may be due to the 
presence of initial cavities in the SMC materials. In the works 
of Yu. R. Kolobov, G. P. Grabovetskaya et al. [5 – 9], the effect 
of preliminary annealing for one hour on the creep of single-
phase commercially pure SMC metals (titanium, nickel, 
copper and molybdenum), as well as the two-phase α + β 
titanium SMC alloy Ti-6Al-4V and the composite Cu-Al2O3 
containing dispersed particles of the second phase, was 
studied. With an increase in the annealing temperature, they 
discovered an increase in the strain rate at the steady-state 
creep stage. Moreover, since both annealing and subsequent 
deformation did not affect the average grain size of the 
material, the authors [5 – 9] concluded that an increase in 
the strain rate (the main contribution to which in the case of 
SMC materials is made by grain boundary sliding) is caused 
by the influence of annealing on the nonequilibrium state of 
grain boundaries (GB). In [10], the acceleration of creep after 
preliminary annealing was observed on the SMC aluminum 
alloy 1570.

As a possible cause of the effect of annealing on the 
creep rate of SMC alloys, the authors of [10] considered the 
increase in the nonequilibrium GB excess volume as a result 
of the dissolution of grain-boundary nanocavities, leading to 
the increase in the grain-boundary diffusion rate and the rate 
of sliding along the GB.

Nanocavities on GBs and in triple junctions (TJs) of 
grains were observed after SPD treatment in Al [11–14], 
Cu [15 –18], Ni [19 – 21], and Ti [22, 23] and their alloys. 
The micromechanisms and the conditions of nanocavity 
nucleation in SMC materials were discussed in [24]. 

Theoretically, the process of dissolution of the grain-
boundary cavities during annealing was investigated in [25]. 
Later, the model proposed by the authors of this work was 
modified to analyze the kinetics of growth and dissolution of 
nanocavities upon annealing of SMC materials [26]. In [27], 
the effect of internal stresses from mesodefects arising during 
SPD in TJs [28 – 30] was analyzed, as well as the effect of a 
nonequilibrium state (nonequilibrium free volume) of GBs, 
changing during annealing, on the dissolution kinetics of 
nanocavities in the process of low-temperature annealing of 
SMC materials. In this case, only cavities located along the 
TJs of the SMC materials with a relatively small initial volume 
fraction of cavities were considered.

In the present work, a theoretical study of the effect 
of the dissolution of grain-boundary nanocavities upon 
low-temperature annealing of SMC materials on the 
nonequilibrium state and diffusion properties of GBs is 
carried out. The kinetics of cavity dissolution and the 
dependence of the coefficient of grain-boundary diffusion on 
the initial values of the nonequilibrium free volume of the 
GBs and the volume fraction of grain-boundary cavities are 
analyzed.

2. Description of the model

The dissolution of grain-boundary cavities in the course of 
annealing should lead to the emission of nonequilibrium 
vacancies in the GBs. In the disordered atomic structure of 
ordinary GBs, vacancies are unstable and delocalized. All 
this leads to an increase in the nonequilibrium free volume 
of the GBs and, as a result, to an increase in the coefficient 
of grain-boundary diffusion [31]. At the same time, the 
saturation of the GBs by nonequilibrium vacancies leads to 
the equalization of the chemical potentials of atoms on the 
cavity surface and in the GBs. As a result, at a sufficiently 
large initial concentration of grain-boundary cavities, a 
quasi-stationary regime occurs, at which the rate of change 
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of a nonequilibrium free volume of the GBs is limited by the 
outflux of vacancies into the volume of the grains.

In the case of low-temperature annealing, diffusion 
processes in the volume of the grains proceed rather slowly, 
which should significantly affect the duration of the relaxation 
process of the nonequilibrium state of the GBs. As the analysis 
shows, with the parameters of the task considered below, the 
time taken for this process is significantly greater than the 
characteristic relaxation time of the elastic stress fields from 
junction disclinations [27]. Therefore, to illustrate the effect 
of cavity dissolution on the evolution of a nonequilibrium 
free volume and the diffusion properties of GBs during 
annealing, a model polycrystal containing only an ensemble 
of spherical nanocavities of radius r uniformly distributed in 
GBs at a distance λ from each other is considered further on.

2.1. The evolution of cavities during low-temperature 
annealing

At sufficiently low annealing temperatures, when the 
diffusion of atoms from the grain volume to the cavity can be 
neglected, the change in the volume of the grain boundary 
cavity occurs by short-circuited (in the region of order 
λ / 2 in size) diffusion flows of grain boundary atoms. The 
driving force of mass transfer is the gradient of the chemical 
potentials of atoms � � �� �� � � �2 b s / , where μb is the 
chemical potential of atoms of a nonequilibrium GB [27]:
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and μs is the chemical potential of atoms on the cavity surface:
                  � �s s r� 2 � / ,   (2)

f and f* are the relative free volume of nonequilibrium and 
equilibrium GB, respectively, Ω is the atom volume, Kb is the 
bulk modulus (modulus of compression), k is the Boltzmann 
constant, T is the annealing temperature.

In this model, it is assumed that there is no diffusion 
interaction between neighboring cavities. In this 
approximation, the equation for the rate of change of the 
cavity volume is:

      (3)

where Db is the coefficient of grain-boundary diffusion, 
δ ≈ 2b is the width of the GB, b is the Burgers vector.

2.2. The change in the nonequilibrium state of the 
GB and the coefficient of grain boundary diffusion 
in the annealing process

According to [31], the relationship between the coefficient of 
grain-boundary diffusion and the magnitude of the relative 
free volume of the GB is as follows:

                   
D D fb b� � �*
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(4)

where Db
*  is the diffusion coefficient along equilibrium GBs, 

� � K kTb� / 2 .
The rate of accumulation of a nonequilibrium free volume 

of a GB is determined by two processes  — the dissolution 
of cavities and the associated emission of nonequilibrium 
vacancies in the GB, and their outflux into the neighboring 
volume of grains. Based on this, the kinetic balance equation 
for the relative nonequilibrium free volume f can be written 
in the form:

        (5)

where the first term describes the change in f in the 
process of nanocavity dissolution [27], and the second one 
describes its change in the exchange of vacancies between 
the GBs and the volume of grains [32 – 34]. Here [32 – 34]:
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cr
b0

2
0 5� � � � � �� ��� ��� / . /

*
exp � � , Fvf

cr   — 
is the free energy of the formation of a lattice vacancy, ΔF is 
the free energy activation of atom jump from the grain volume 
to the grain-boundary vacancy, B b F kTc� �� �� exp � / ,

ωb and ωc —are the oscillation frequency of atoms in the 
GB and in the crystal lattice, respectively Cv(x = 0) is the 
concentration of vacancies near GBs. When writing equation 
(5), it was assumed that the nonequilibrium free volume is 
uniformly distributed over the GB. This assumption seems 
justified at sufficiently small distances between the cavities.

Equations (3) − (5), supplemented by the standard 
equation for the volume diffusion of vacancies with the 
boundary conditions given in [32 – 34], form a closed 
system that allows analyzing the influence of various factors 
on the kinetics of the evolution of diffusion properties of 
nonequilibrium GB during annealing.

3. Results of numerical 
calculations and discussion

The calculations were carried out for the case of low-
temperature annealing (T = 0.4Tm) of SMC aluminum 
with a grain size d = 4 ∙10−7  m with the following values   of 
the parameters: b = 2.86 ∙10−10  m, Ω = b3, ωb ≈ ωc =1013  c−1, 
f * = 2 ∙10−2, H kTvf

cr
m=10 , S kvf

cr = 4 , ΔF = 8kTm [34], 
Db =1.5 ∙10−16  m2 / s [35]. For the value of the free surface 
energy, the estimation γs=Gb / 8 was used.

The initial cavity size r0was selected from  
the equilibrium condition of the cavity ( V = 0 in equation 
(3)) for a given initial value of the relative free volume f = f0:

r K f kT f fs b0 0 0
2 0 5 1� � �� ��� ��� � �/ . ln / .

*   (6)

Fig. 1– 3 shows the results of calculations of the 
dependences of the nonequilibrium free volume of GBs 
f (Fig.  1), the coefficient of grain-boundary diffusion Db 
(Fig. 2) and the radius of grain-boundary cavities r (Fig. 3) on 
the annealing time ta for different initial values   of the volume 
fraction of grain-boundary cavities v0 and various initial 
degree of nonequilibrium f0.

It can be seen that the dependences f (ta) и  Db(ta) 
have three characteristic stages. At the first stage, the 
process of dissolution of grain-boundary cavities occurs 
slowly; therefore, the magnitude of the nonequilibrium 
free volume of the GB, and, therefore, the coefficient 
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         a                b

Fig. 1. Dependence of the value of the relative nonequilibrium free volume f on the annealing time ta: for different initial values of the volume 
fraction of grain-boundary cavities v0 and the initial value of the nonequilibrium free volume f0=10−2 (a); for different initial values of f0 and 
the initial volume fraction of cavities v0 = 5 ∙10−3(b).

        a                 b
Fig. 2. Dependence of the value of the grain-boundary diffusion coefficient Db on the annealing time ta: for different initial values of the 
volume fraction of grain-boundary cavities v0 and the initial value of the nonequilibrium free volume f0 =10−2 (a); for different initial values 
of f0 and the initial volume fraction of cavities v0 = 5 ∙10−3 (b).

        a                  b
Fig. 3. Dependence of the radius of grain-boundary cavities r on the annealing time ta: for different initial values of the volume fraction of 
grain-boundary cavities v0 and the initial value of the nonequilibrium free volume f0 =10−2 (a); for different initial values of f0 and the initial 
volume fraction of cavities v0 = 5 ∙10−3 (b).
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of grain-boundary diffusion change only slightly.  
An increase in the initial value of the volume fraction 
of grain-boundary cavities v0 at a given initial value of 
the nonequilibrium free volume slows down the cavity 
dissolution process (Fig. 3 a) and increases the duration of 
this stage (Fig. 1a, 2 a). An increase in the initial value of the 
nonequilibrium free volume of the GB f0 for a given value of 
the initial volume fraction of cavities has the opposite effect 
on its duration (Fig.  1b, 2 b). In the second stage, a rapid 
increase in the values   of f and Db occurs, which is associated 
with a sharp increase in the rate of cavity dissolution with a 
decrease in the cavity size to a certain critical value (Fig. 3).  
At this stage, the coefficient of grain-boundary diffusion 
increases by 1– 2 orders of magnitude. The annealing time, 
corresponding to the maximum values   of the nonequilibrium 
free volume and the coefficient of grain boundary diffusion, 
characterizes the termination of the process of dissolution 
of grain boundary nanocavities. At the third stage, the 
process of relaxation of the nonequilibrium free volume of 
the GB and the decrease in the coefficient of grain-boundary 
diffusion due to the outflux of vacancies from the GB to the 
neighboring grain volume occurs.

The decrease in the duration of the first stage with 
increasing f0 (Fig. 1b, 2 b) is due to the fact that with increasing 
f0, according to expression (6), the initial cavity radius r0 
decreases, the process of their dissolution occurs faster and 
the critical cavity size, at which a loss of their stability occurs, 
is achieved sooner (Fig. 3 b).

Thus, the results of the work show that, contrary to 
popular belief that annealing is always accompanied by the 
transition of a GB to a more equilibrium state, in the case of 
low-temperature annealing of SMC materials containing the 
initial state of grain-boundary cavities, the reverse process 
can occur — an increase in the degree of nonequilibrium of 
GBs, caused by a change in their nonequilibrium free volume 
during cavity dissolution. This circumstance leads to the fact 
that with a sufficiently large initial volume fraction of grain-
boundary cavities, the free volume of GBs and the coefficient 
of grain-boundary diffusion can, under conditions of low-
temperature annealing, differ significantly for a long time 
from their values in the equilibrium GB.

4. Conclusions

1. A model is proposed that allows one to describe the 
effect of the nonequilibrium free volume of grain boundaries 
and the volume fraction of grain-boundary cavities on the 
evolution of the diffusion properties of nonequilibrium 
grain boundaries during low-temperature annealing of SMC 
materials.

2. It is shown that the process of dissolution of grain-
boundary cavities leads to an increase in the coefficient 
of grain-boundary diffusion and allows one to maintain a 
substantially nonequilibrium state of grain boundaries under 
conditions of prolonged annealing.
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