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Abstract. The states and processes in grain boundaries of Cu, subjected to severe plastic
deformation have been analyzed here. It has been shown that microstructure refinement in the
process of severe plastic deformation leads to a hyper sensitivity of the processes occurring in
the grain boundaries towards the applied hydrostatic pressure. The temperature alterations of
the plastic deformation are also followed by activation or suppression of some or other deforma-
tion processes in the grain boundaries of Cu in different structure states. These processes are
much more intensive in ultra-fine grain states. It has been demonstrated that the temperature
decrease, as well as the hydrostatic pressure increase, brings to the growth of stress in the
samples. In connection with this, the tendency is more evident in the samples with an ultra-fine
grain structure.

1. INTRODUCTION

The recent research has evidently demonstrated the
wide opportunities of the severe plastic deformation
(SPD) methods for developing the bulk
nanostructured states in various metallic materials
[1]. The principal SPD methods are the high pres-
sure torsion and the equal-channel angular press-
ing (ECAP) [1]. The specific microstructure charac-
terized by the developed network of mainly high-
angle grain boundaries (GBs) of deformation origin,
provides attractive fundamental and functional prop-
erties, characteristic for bulk nanostructured mate-
rials (BNM) [1,2].

Deformation behavior of BNM is of particular in-
terest, which is characterized by the improved
strength characteristics, the absence of strain hard-
ening, the SPD paradox, the high-strain rate and
low-temperature superplasticity, the deviations from
the Hall-Petch law [3-5]. Thus, it is important to
consider the state and the processes in GBs.

The experimentally observed phenomena require
additional research and quantitative evaluations of
the activity of deformation mechanisms, managing
the macroscopic processes. Modeling on the basis
of dislocation kinetics equations is one of the most
universal approaches to the investigation of the pro-
cesses, which provides the plastic deformation of
materials [6]. Such a modeling allows estimating
the dependencies of the flow stress and the aver-
age dislocation density from the strain degree for
various values of the average grain size, the tem-
perature and the strain rate. The developed models
[6-15] are able to describe the most evident effects,
concerning the hardening and the ductility of met-
als in the range from a nanostructured to a coarse-
grained (CG) state.

The goal of this paper is the research of the GBs
state and their processes by the kinetic modeling
method depending on the strain degree, the tem-
perature, the hydrostatic pressure during the SPD,



92 I.V. Alexandrov and R.G. Chembarisova

and the effect of GBs on the deformation behavior
and hardening of a pure Cu.

2. THE MODELING METHODIC

Presently the concepts about the grain structure
and their boundaries are being developed in works
of a few authors, for instance [16,17]. However, the
universally accepted concepts have been chosen
in the model development, which have been used in
works of V.V. Rybin [18], M. Zehetbauer [9], Y. Es-
trin and L.S. Tóth [8,15].

In accordance with the data of experimental ob-
servations [18] it has been considered that the struc-
ture of the SPD material consists of the fragments
of cells, limited by the boundaries from the redun-
dant dislocations, ”fluffed up” by the non-redundant
sessile dislocations [18]. Such a structure has been
called a fragmented one with the size of a fragment
d [12].

The dislocations in the inner area of a fragment
develop the cell structure with the total density of
immobilized dislocations in the cell walls and their
inner areas equal to c. Further, the cell block has
been determined as the grain of a CG material.

It is difficult to observe the dislocations in UFG
materials, as the dislocations emitted by the dislo-
cation sources from GBs disappear in the opposite
boundary. Each grain contains only few dislocations
[6]. Thus, further the fragment with the inner area
almost free from dislocations has been determined
as the grain of an UFG material.

The account of the total dislocation density w

and the density of irredundant sessile dislocations

Fig. 1. The model ( ) dependency of coefficient C,
characterizing the speed of generation of deforma-
tion vacancies from an average grain size d0 in the
Cu samples, taken in an initial state (I) and after 1st,
4th, and 8th ECAP passes (II, III, IV respectively).

f in GBs allowed calculating the density of redun-
dant dislocations in boundaries, and, thus, the
misorientations between the grains.

To explain the absence of strengthening at the
stage of the developed plastic deformation, the dis-
location annihilation has additionally been consid-
ered during their non-conservative movement,
caused by the vacancy diffusion, the annihilation of
edge dislocations of the opposite sign. The mate-
rial flow has also been suggested to be maintained
among the others by the dislocation multiplication
at a multiple cross slip. In the result the modeling
equations have been received, which describe the
dislocation density evolution in time t in GBs and
the inner grain areas in a common case [12,15]:
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where Pf  is the share of immobilized dislocations, r

w

is the resolved strain rate in GBs, f is the volume
share of the fragment boundaries, f is the multipli-
cation coefficient on the forest dislocations, the
density of which is equal to f, f 10-2 [14]. d =

K/ total
  is the average grain size, total is the aver-

age dislocation density, K is the constant of propor-
tionality [15], * is the efficiency coefficient of dislo-
cation sink into boundaries [15], b is the value of
the Burgers vector, ka = a/b = k0(

r

w
/

0
)-1/n is the

annihilation coefficient during the double cross slip,
where the parameter k0 characterizes the intensity
of annihilation processes at temperature T = 0K,
and n is their sensitivity to the strain rate at the
cross slip. The value n grows along with the increase
of the stacking fault energy and depends, like the
value m reflecting the sensitivity on the strain rate,
inversely proportional to T [19].

In the model, according to the work [20] it has
been considered that annihilation of edge disloca-
tions of the opposite sign takes place at the dis-
tances less than the dislocation annihilation length
Rf, equal to 1.6 nm.

The dislocation density evolution in time in the
inner areas of fragments happens according to the
law
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where * is the efficiency coefficient of the Frank-
Read sources [15], r

c
 is resolved strain rate in the

inner areas of fragments.
The density of non-redundant sessile disloca-

tions in fragment boundaries changes with time
according to the law:
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where 
f

P  is the share of forest dislocations out of
the whole number of dislocations, entered into the
fragment boundaries.

In connection with this, the total dislocation den-
sity is

total w c
f f1 ,    (4)

where the volume share of the GBs f with the thick-
ness w is determined as [21]:

d d w
f

d
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3
.  (5)

In work [22] the analytical dependency of the
volume share of GBs f from the resolved strain has
been received in the result of generalization of ex-
perimental data

r rf f f f
0

exp ,  (6)

where f0, f  - the initial and the ultimate values of
the volume share of GBs, r is the parameter, char-
acterizing the rate of the value f change, depending
on the resolved strain r.

The resolved shear stresses r

w
 and r

c
 in bound-

aries and inner areas of the grains are calculated,
taking into consideration the corresponding dislo-
cation densities w and c [8]:
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where G is the shear modulus, 
0
 is the pre-expo-

nential factor,  is the constant, reflecting the inter-
actions between dislocations.

The deformation behavior of the composite can
be determined by the resolved stress r connected

with the resolved stresses r

w
 and r

c
 according to

the rule

r r r
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To realize the compatibility conditions of bound-
aries and inner areas of the grains, it has been as-
signed that r

w
 = r

c
 = r .

According to work [23], the dislocation density
in the result of their non-conservative movement is
decreasing according to the law
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CV is the vacancy concentration, developing dur-
ing deformation, Hm

c is the enthalpy of vacancy mi-
gration activation along the dislocation cores [9], 
is the atomic volume, qc is the cross-sectional area
of a dislocation core, Dc is the diffusion coefficient
along the dislocation core, multiplier Dc0 is assumed
in correspondence with the literature data [9], n is
the Poisson’s ratio.

Passing in Eq. (10) from the variable t on to vari-
able r, one can set up a dependency of function  =
‘%r  on dw/d r, under the condition that  is propor-

tional to the concentration of vacancies Cv. At the
first approximation the concentration of vacancies
(function ) is considered to depend linearly on the
strain r with the proportionality coefficient C, that is
why it is possible to write
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The density of the non-redundant sessile dislo-
cations f, comprising the part of the dislocation
density in the GBs w, changes during their non-
conservative motion of dislocations according to the
law (10). Comparing the corresponding annihilation
component in Eq. (10) with its right part, we get ‘ =
2BC, where B=B’%C. Herein, the vacancy concen-
tration depending on the strain can be determined
from the expression

C B/ 2 .


 (13)

The model allows calculating the misorientations
between the neighboring grains, which has been
demonstrated in work [12].
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The kinetic parameters of the model have been
determined by the method of successive approxi-
mations by fixing the characteristic points on the
experimental curve “the true stress – the true strain”.
Thus, the number of points corresponds to the num-
ber of the determined parameters. The affect of ev-
ery kinetic parameter on the flow stress value has
been studied here.

To consider the effect of the crystallographic tex-
ture, the values of the resolved strain rate r

s
 in each

slip system in the grain have been obtained with
the help of a visco-plastic self-consistent (VPSC)
model [24]. The data obtained in the end of model-
ing of each succeeding ECAP pass have been used
as the input parameters during the modeling of a
previous ECAP pass. According to the received val-
ues of the volume ratios Vi and the resolved strain
rates r

s
 in every slip system the Taylor factors have

been calculated at every deformation step [8,12].
The developed model [12,15] has allowed de-

scribing the dislocation density evolution quantita-
tively in the samples, subjected to the ECAP.

3. MODELING RESULTS AND
THEIR DISCUSSION

Let’s view the results of the analysis of strain de-
gree effect (the grain size), temperature and hydro-
static pressure on the states and processes in GBs
during the SPD.

3.1. The influence of the SPD degree
(the grain size)

In the process of modeling the experimental data
obtained in IPAM USATU have been used. The ex-
perimental details are described in [12]. The Cu
samples of 99.9% purity annealed at temperature
550 °C for 1 hour (the initial state) and Cu after the
1st, 4th, and 8th ECAP passes along the route Bc [1]
have been investigated.

According to the modeling results, the disloca-
tion density in GBs increases along with the growth
of the strain degree during the tensile deformation
of Cu in an initial state and after the 1st ECAP pass.
In the process of tensile deformation of the samples
after the 4th and the 8th ECAP passes the disloca-
tion density increase in GBs changes to the ten-
dency towards the saturation state. Thus, in the
samples subjected to the ECAP the dislocation
density in GBs increases along with the number of
passes.

The modeling results have shown that after the
8th ECAP pass the role of the annihilation processes

in GBs, conditioned by the non-conservative move-
ment of the edge dislocations, is decreasing. This
fact is proved by the increase of parameter C (see
the Eq. 13), which characterizes the speed of the
increase of deformation vacancies (Fig. 1). The model
has allowed forecasting the evolution of the vacancy
concentration in GBs and estimating their role in
strain hardening and the behavior of the developing
GBs. It has been demonstrated that a catastrophic
increase of the vacancy concentration takes place
along with the increase of the number of passes
[12]. Herein, the concentration of the deformation
vacancies grows along with the plastic strain de-
gree. However, during the deformation of the samples
after the 4th and the 8th ECAP passes the increase
of the vacancy concentration is limited and aims for
the saturation state along with the increase of the
plastic strain degree, which is followed by the limi-
tation of the dislocation density increase in GBs in
the result of annihilation intensification during the
non-conservative dislocation movement [11]. Actu-
ally, at the initial moment of deformation of the
samples the dislocation density increases. The
concentration of deformation vacancies is increas-
ing too. The increase of the vacancy concentration
leads to the reduction of the forest dislocation den-
sity. The decrease of the forest dislocation density
is followed by the limitation of dislocation annihila-
tion during the non-conservative movement and dis-
location density increase in GBs. At the same time,
the concentration of deformation vacancies contin-
ues growing, without aiming for the saturation state
during the deformation of the samples in the initial
state and after the 1st ECAP pass. The dislocation
density increases here too [12].

The obtained modeling results agree with the
well-known experimental data [9,25,26] and model-
ing results [9,25]. In work [25] the modeling data
have brought to the conclusion that the concentra-
tion of deformation vacancies is increasing along
with the pressure increase during the torsion of the
Cu samples. In connection with this, the results
agree with the experimental data in the process of
SPD. The less is the grain, the higher it is. Nowa-
days there are some experimental data about the
concentration of deformation vacancies after four
ECAP passes [26]. According to the received re-
sults, the concentration achieves the value about
3.5×10-4.

The modeling results of evolution of concentra-
tion of deformation vacancies in the process of de-
formation of Cu samples in various structural states
[12] agree with the data containing in the works
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(a)

(b)

(c)

Fig. 2. The model ( ) dependencies of the annihila-
tion coefficient Rf of the dislocations of the opposite
sign (a), the shares of non-redundant sessile dislo-
cations in GBs 

f
P  (b), the shares Pf of dislocations

immobilized into GBs (c) from the average grain size
d0, formed in the initial state (I) and in states after
the 1st, the 4th, and the 8th ECAP passes (II, III, IV)
respectively.

mentioned above. In work [27] it has been demon-
strated that the model allows predicting the values
of concentrations of deformation vacancies, which
agree according to the order of the value with the
experimental data. No doubt, the further experimen-
tal research is required to determine the concentra-
tion of deformation vacancies developed during the
tensile deformation of the Cu samples, subjected
to the different number of the ECAP passes.

The decrease of the forest dislocation density in
GBs brings to the limitation of dislocation annihila-
tion during their capture, which can be related to
the decrease of annihilation dislocation possibility
(Fig. 2a). Thus, the parameter Rf /b is decreasing
along with the decrease of the grain size. In con-
nection with this, the mechanism of dislocation
multiplication on the “forest” dislocations is sup-
pressed (the third addend in the equation is annihi-
lated (1)). The pointed out changes reflect the quan-
titative modifications in the structure of GBs with
the grain size decrease. In the process of the 4th

ECAP pass the inconsiderable structure refinement
together with the GBs improvement takes place [12].
The misorientations between the grains are decreas-
ing on the back of their almost frozen sizes [12].
The structure refinement takes place mainly up to
the 4th ECAP pass [12], but, in connection with this,

the misorientations between the fragments stay
small. The obtained results agree with the experi-
mental data, which are reduced in work [28].

While the number of ECAP passes is increas-
ing, the GBs become more ordered (the density of
the “forest” dislocations t is decreasing, the share
of non-redundant sessile dislocations 

f
P  is negligi-

bly small (Fig. 2b). Parameter 
f

P , reflecting the
share of irredundant sessile dislocations in GBs after
the 8th ECAP pass is decreasing 350-fold in com-
parison with its value for Cu, taken in an initial state.
After the 8th ECAP pass the share of dislocations
moving into the range of non-redundant sessile ones,
is 50 times less than after the 4th ECAP pass. Thus,
the density of the non-redundant sessile disloca-
tions is decreasing sharply. Correspondingly the
annihilation of dislocations during grip in boundaries
and the dislocation multiplication on the “forest” dis-
locations become more difficult. Undoubtedly, the
experimental research to determine the densities
of the dislocations of different types, developed dur-
ing the tensile deformation of Cu samples, subjected
to the different number of the ECAP passes are re-
quired here. However, the data obtained in the re-
sult of modeling about an average dislocation den-
sity agree with the experimental data, as it has been
shown in work [12].
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(a)

(b)

(c)

Fig. 3. The model ( ) dependencies of coefficient
*, characterizing the efficiency of the Frank-Read

sources (a), coefficient *, characterizing the effi-
ciency of GBs, as the dislocation sinks (b) and an-
nihilation coefficient of the screw dislocation at the
double cross slip ka (c) from the average grain size
d0, developed in the initial state after the 1st, the 4th

and the 8th ECAP passes (II, III, IV), respectively.

After the 4th ECAP pass the GBs become al-
most impenetrable. Indeed, the parameter Pf char-
acterizing the share of immobilized dislocations into
GBs is increasing along with the degree of accu-
mulated strain, and after the 4th ECAP pass remains
unchanged achieving the value close to 1 (Fig. 2c).
Thus, the value of the parameter after the 8th ECAP
pass is approximately 8.4 times higher than its value
for Cu in the initial state.

The dislocation density in the GBs and the total
dislocation density are increasing along with the
decrease of an average grain size (with the increase
of the number of ECAP passes). An inconsiderable
strain hardening of materials, subjected to the ECAP,
can be explained by the fact that the activity in-
crease of the sources (Fig. 3a) and the sinks (Fig.
3b) is compensated by the increase of annihilation
processes (Figs. 1 and 3c). The contribution of each
of them can be estimated.

3.2. Effect of temperature

The analysis of GBs state depending on the defor-
mation temperature during the tensile deformation
of an UFG Cu with the average grain size equal to
300 nm, obtained by the ECAP method [4] and ini-
tial CG Cu with the grain size d = 18 m [29] at

temperatures 77K and 298K has been fulfilled. On
the basis of the kinetic modeling results [30] it has
been have been shown that temperature has a weak
influence on the dislocation density in the inner grain
areas, while in GBs the pointed out dependency on
the temperature is significant, especially in an UFG
Cu.

Annihilation during the non-conservative disloca-
tion motion which is characterized by the coefficient
C in the UFG Cu takes place much more intensive,
than in the CG Cu. Herein, the temperature increase
significantly strengthens this process (Table 1).

The temperature increase also intensifies the
annihilation during the cross slip, which is much
more expressed in the UFG Cu (Table 1). The en-
forcement of annihilation processes in GBs in the
UFG Cu with the temperature increase speaks for
the developing the dynamic recovery at room tem-
perature and material strengthening at cryogenic
temperature.

As it follows from [30] the temperature decrease
has a favorable effect on the process of grain refine-
ment and development of high-angle GBs in the UFG
Cu. The latest one is related to the decrease of the
share of irredundant sessile dislocations 

f
P in GBs

(Table 1).
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Parameter CG Cu UFG Cu

T, K 77 300 77 300
* 6.57×10-2 6.87×10-2 5.8×10-2 0.105
* 8.6×10-3 9.16×10-3 1.76×10-2 3.08×10-2

k0 3.2 3.96 11.15 21.59

f
P 3.9×10-1 0.40 1.816×10-4 4.156×10-4

C 4.77×10-7 1.085×10-6 89.006×10-4 300.0

Table 1. The values of the model parameters.

Parameter    P = 0.0 GPa P = 5.0 GPa

f
P    0.35 0.08
C    3.4 10-6 8.1 10-6

*    0.061 0.154
*    0.006 0.019

ka    4.0 15.3
K    10.0 7.0
Pf    0.11 0.92

Table 2. The values of the parameters, obtained in
the result of HPT modeling at various values of a
hydrostatic pressure.

At room temperature the activity of the Frank-
Read sources (the parameter *), located in GBs of
the UFG Cu, is higher than in a CG state. At the
same time the temperature decrease brings to their
loss of activity in the UFG Cu in comparison with
the CG Cu (Table 1). The efficiency of GBs as the
dislocation sinks (parameter *), is higher in an UFG
Cu in comparison with a CG Cu, thus, it is increas-
ing along with the temperature growth (Table 1).

3.3. The effect of the hydrostatic
pressure

The value of the applied hydrostatic pressure is one
of the most important SPD parameters, influencing
the microstructure evolution, the deformation mecha-
nisms, states and processes in GBs [25]. Let’s
analyze the effect of this parameter on the state
and processes in GBs, founding on the results of
kinetic modeling [27] and experimental investiga-
tions [25]. The samples of a pure Cu have been
taken as the research objects, which have been
subjected to the high pressure torsion under the
atmosphere pressure and under the pressure 5.0
GPa, typical for the SPD process. The samples have
been deformed at room temperature. The resolved
shear strain has been r = 90. The rate of the high
pressure torsion has been r  10-2 s-1.

According to the modeling results the disloca-
tion density in GBs during the HPT of the Cu
samples under pressure 5.0 GPa is 1.7 times higher
than during the torsion under the atmosphere pres-
sure at the same strain degree r = 90. Thus, the
evolution of the total dislocation density in the both
cases agrees with the experimental data, obtained
by the authors of the papers [9, 25].

The share of the non-redundant dislocations 
f

P
decreases along with the hydrostatic pressure in-
crease (Table 2). In connection with this, the den-
sity of the non-redundant sessile dislocations is
higher at the HPT and increases with the growth of
the strain degree [27]. This speaks for the limitation
of dislocation annihilation during their non-conser-
vative motion, which is followed by the increase of
vacancy concentration and dislocation density in
GBs [27].

The SPD leads to the development of the great
many of deformation vacancies. The concentration
of vacancies reveals the catastrophic growth along
with the hydrostatic pressure increase [27]. If an
equilibrium concentration of the thermal vacancies
at room temperature has an order C 10-20 [25],
the concentration of deformation vacancies in-
creases to the 15th order during the HPT under pres-
sure 5.0 GPa, while during the torsion under the
atmosphere pressure it is 8 orders higher at the
strain degree = 25, which agrees with the results
of work [31].

Parameter C, which controls the intensity of
deformation vacancy concentration, is increasing
with the hydrostatic pressure growth (Table 2). Con-
sequently, the diffusion processes in GBs are slow-
ing down. Thus, the annihilation during the non-con-
servative dislocation motion is limited, which brings
to the growth of the flow stress. However, during the
following development of the samples the increase
of deformation vacancy concentration is limited, and
it aims for the saturated state. This, in its turn, leads
to the limitation of the density increase of non-re-
dundant sessile dislocations in GBs, hence, to the
dislocation density in GBs [27].
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The decrease of the density of non-redundant
sessile dislocations at a simultaneous growth of the
total dislocation density in GBs brings to the
misorientation growth between the neighboring
grains (Fig. 4 in [27]). Thus, their sizes are decreas-
ing along with the torsion pressure, as well as with
the strain degree increase, and they aim for a cer-
tain saturated condition [27].

The hydrostatic pressure, as it follows from the
obtained modeling results, intensifies the processes
of dislocation multiplication. This is proved by the
fact that the activity of the sources, characterized
by the parameter * in GBs is increasing, while the
hydrostatic pressure is growing too (Table 2).

The GBs are not only the sources, but they are
the sinks for the dislocations. Herein, the efficiency
of the sinks, characterized by the parameter *, is
increasing along with the growth of a hydrostatic
pressure (Table 2).

In accordance with the modeling results the high
pressure torsion brings to the intensification of an-
nihilation processes in ~3.8 times during the double
cross slip. Thus, the parameter k0 is the coefficient
of dislocation annihilation at temperature T=0K in
the expression for the annihilation coefficient ka= a/
b, characterizing the annihilation during the cross
slip higher at HPT 5.0 GPa than while the torsion at
atmosphere pressure (Table 2).

The torsion pressure increase contributes into
the structure refinement as well. This is proved by
the fact that parameter K, characterizing the grain
sizes is decreasing (Table 2).

Parameter 
f

P , characterizing the share of im-
mobilized into GBs dislocations, is increasing along
with the growth of pressure torsion. Consequently,
the GBs become almost impenetrable at high pres-
sure torsions (Table 2).

4. CONCLUSIONS

According to the results of kinetic modeling, car-
ried out within the developed dislocation model,
considering the wholeness of all the possible defor-
mation mechanisms and presenting the develop-
ment of the well-known composite models, the
quantitative evaluations of the state and processes
in the GBs of Cu, subjected to the SPD, have been
made. It has been demonstrated that in the pro-
cess of SPD, followed by the microstructure refine-
ment, the processes occurring in GBs of Cu are
sensitive to the applied hydrostatic pressure. The
temperature alteration of the plastic deformation
brings to the activation or suppression of some de-
formation processes in GBs of Cu with different mi-

crostructure, both the CG and obtained in the pro-
cess of SPD. Herein, these processes are more
intensive in case of UFG states of Cu, obtained by
the SPD method.

On the one hand, the temperature increase as
well as the hydrostatic pressure growth activates
the work of the Frank-Read sources. The efficiency
of GBs as the sinks for dislocations is increasing.
Both the annihilation of the screw dislocations dur-
ing their double cross slip and their annihilation dur-
ing the non-conservative motion are increasing.
Thus, these processes are more intensive in the
UFG Cu. Simultaneously, on the other hand, the
same effects can be observed in the process of
hydrostatic pressure increase and the temperature
decrease. For instance, the concentration of the
deformation vacancies shows a considerable
growth. The same factors influence favorably the
structure refining and the increase of misorientations
between the grains. The last one is connected with
the reduction of the share of non-redundant sessile
dislocations in the GBs. Thus, the share of the im-
mobilized into GBs dislocations is increasing as
well and they become almost impenetrable.

The most sensitive to the temperature and hy-
drostatic pressure alterations characteristic is the
dislocation density in GBs of an UFG Cu. Both the
temperature reduction and the hydrostatic pressure
increase bring to its growth. Thus, the total disloca-
tion density increases too. In the result the flow
stress of Cu is increasing as well.
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