44 Adv. Mater. Sci. 41 (2015)
Rev.
V.D.44-51
Sitdikov, I.V. Alexandrov, M.M. Ganiev, E.I. Fakhretdinova and G.I. Raab

EFFECT OF TEMPERATURE ON THE EVOLUTION OF
STRUCTURE, CRYSTALLOGRAPHIC TEXTURE AND THE
ANISOTROPY OF STRENGTH PROPERTIES IN THE Ti
GRADE 4 ALLOY DURING CONTINUOUS ECAP
V.D. Sitdikov1,2, I.V. Alexandrov1, M.M. Ganiev3, E.I. Fakhretdinova1 and G.I Raab1,3
1

Ufa State Aviation Technical University, K.Marx Str., 12, 450000 Ufa, Russia
2
Laboratory for Mechanics of Bulk Nanomaterials, Saint Petersburg State University, Saint Petersburg, 198504,
28 Universitetsky pr., Russia
3
Kazan Federal University, Kremlevskaja Str., 18, 420008 Kazan, Russia
Received: December 12, 2014
Abstract. This paper presents the results of experimental studies on the evolution of structure,
crystallographic texture and the anisotropy of strength properties in the volume of Ti Grade 4
billets subjected to continuous equal-channel angular pressing (ECAP). Continuous ECAP is
performed at temperatures of 200 o
7, 400 o
7, and 450 o
7, with 1 to 8 passes, using route BC. The
methods of X-ray diffraction analysis are employed to investigate the effect of processing regimes and strain degree during continuous ECAP on the structure of the material under study. As
a result of computer modelling of the crystallograpic texture evolution, the regularities in the
formation of preferred orientations and the anisotropy of strength properties are established, and
the activity of various slip systems and twinning systems in titanium billets, depending on the
number of ECAP passes, is evaluted. Estimation of the anisotropy of strength properties, based
on building of yield contours, shows that an increase in the number of passes of continuous
ECAP promotes the formation of a more isotropic structure. The obtained results allow to explain
and predict the deformation behavior of nanostructured Ti Grade 4 with consideration of its
microstructure and crystallographic texture parameters.

1. INTRODUCTION

strength, low-temperature or high-strain-rate superplasticity. A characteristic feature of bulk
To date, the techniques of severe plastic deformananostructured materials produced by SPD is an
tion (SPD) have been actively developed, such as
extremely small grain size, the presence of a high
equal-channel angular pressing (ECAP) and high
density of crystalline structure defects at grain
pressure torsion (HPT) [1-3]. These techniques enboundaries and their very non-equlibrium state [1able formation of bulk nanostructured and ultrafine3].
grained (UFG) states in billets of various metals and
With a view to produce bulk nanostructured bilalloys. These states are characterized by attractive
lets for industrial application and increase the effiproperties and a high potential for industrial appliciency of these techniques, several new procedures
cation. Of special interest are the extraordinary
have been proposed by the researchers at Ufa State
mechanical properties of bulk nanostructured maAviation Technical University (USATU). Among these
terials. It has been shown [1] that materials subprocedures are ECAP with parallel channels and
jected to SPD may exhibit very high strength comcontinuous ECAP [3]. Of special interest, from the
bined with sufficient ductility, as well as high fatigue
practical standpoint, is continuous ECAP, since this
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procedure allows ro produce long-length rods with
improved mechanical properties [3].
It is known that temperature is one of the most
important parameters of plastic straining, also during SPD processing [1,2]. A decrease in temperature may activate new slip systems, twinning systems, block the mechanisms of dislocation climb.
The processes of dynamic recovery and recrystallization become impossible at low temperatures.
Continuous ECAP is a rather new process, and
in this connection the effect of the processing temperature on the character of structural components
refinement and on the operating slip systems, as
well as twinning systems, still remains unstudied.
The conventional ECAP of Ti Grade 4 is usually
conducted at rather high temperatures (400 o
7)
[1,2]. In this respect, of great current interest is a
study on the possibility of decreasing the ECAP
processing temperature, including the temperature
of continuous ECAP, which would allow to increase
the efficiency of this technique. At the same time,
one should bear in mind that at temperatures that
are too low, problems emerge associated with the
need to apply very high straining forces, with the
durability of the die-set and the ductility of the material under processing.
X-ray diffraction analysis (XRD), which provides
an opportunity to estimate the size of coherent scattering domains (CSD), the value of the crystal lattice elastic microdistortions, the dislocation density, the activity of the operating slip and twinning
systems, and so on, is the essential tool for investigation of bulk nanostructured materials. Using XRD,
it is possible to successfully control changes in the
microstructure and establish the mechanisms leading to such chages [4].
Crystallographic slip and deformation twinning
determine the character of the preferred grain orientation, i.e. crystallographic texture, in metallic materials [5]. Analysis of the forming crystallographic
textures, using modelling, is an important tool for
investigation of the mechanisms of plastic deformation in metals and alloys [5].
The results of experimental studies on Ti processed for the first pass of conventional ECAP at
450 o
7 showed that there was a large number of
twins in the structure [6]. This allowed to conclude
that during the first pass of ECAP Ti is deformed
primarily by twinning along {10 1 1} planes. Paper
[7] presented the results of microstructural studies
of Ti samples after the first pass of ECAP conducted
at temperatures of 200 o
7to 600 o
7. It was established there that the pressing temperature had a
noticeable effect on the operating deformation
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Fig. 1. Schematic illustration of the continuous
ECAP process and the used coordinate system.

mechanisms. In particular, the TEM studies revealed
that deformation by twinning becomes visibly active
in the temperature range from 200 o
7to 400 o
C, but
a further temperature increase up to 600 o
7leads
to a marked decline in the role of twinning and the
activation of dislocation glide [7].
The aim of the present work is to study the effect of temperature and the number of passes during continuous ECAP on the character of microstructure evolution and on the mechanisms providing for material flow in the course of continuous
ECAP, as well as to identify the structural parameters responsible for formation of the high-strength
state and its anisotropy.

2. MATERIALS AND METHODS OF
THE EXPERIMENT AND
MODELLING
Ti Grade 4 with an average grain size of 10 m was
selected as the initial material. The initial billets of
as-annealed Ti had the shape of a rectanular parallelepiped with a length of 25 cm and a square base
with an edge of 11 mm. The billets were subjected
to continuous ECAP at temperatures of 200 o
7,
400 o
7, and 450 o
7. Different degrees of accumulated strain were attained by a repetitive pressing of
the billets through two channels intersecting at an
angle of =120o(Fig. 1).
Continuous ECAP was conducted using route
BC where the sample was rotated between passes
by 90oin respect to the billet longitidinal axis
(axis 1).
X-ray diffraction analysis was conducted employing a Rigaku Ultima IV X-ray diffractometer. During
this process, Cu K 1 radiation ( =0.154060 nm) was
used at a voltage of 45 kV and a current of 30 mA.
High-resolution images of the standing out X-ray
peaks were taken with a step of 0.01oand a counting time of 10 s per step. A quantitative assessment was made of the CSD size D, of the value of
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the crystal lattice elastic microdistortions < 2>1/2,
using the PDXL software suite (www.rigaku.com),
and the dislocation density was estimated according to the method described in [8]. The texture
formation processes in Ti Grade 4 were analyzed
using a DRON-3m X-ray diffractometer equipped with
an automated texture attachment. When taking
images of pole figures (PFs), filtered Cu K 1 radiation (0.1540598 nm) was used. The reflections were
filmed within the variation in the radial angle from
0oto 75oand the azimuth angle from 0oto 360o
.
The diameter of the area subjected to radiation
was 0.6 mm. The investigation was performed in
c
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WT X
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v
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(plane 2-1) (Fig. 1). As a result, a set of intensities
of the reflected X-rays was obtained. The orientation distribution function (ODF) and complete PFs
were built on the basis of the results of filming of
incomplete pole figs. for the planes (10 1 0), (0002)
and (10 1 1). The results of the experimental studies were presented in the form of complete PFs calculated using the software suite LaboTEX
(www.labosoft.com.pl).
Modelling of the texture formation processes was
conducted in the framework of the viscous-plastic
self-consistent (VPSC) model [9]. To reveal the active slip systems responsible for appearance of particular maxima on the PFs, seven slip and twinning
systems, most typical for Ti with an HCP lattice,
were selected on the basis of literature analysis.
These systems include: basal {0001}< 1 1 20>, prismatic {10 1 0}< 1 2 1 0>, first-order pyramidal
{10 1 1}< 1 2 1 0>, first-order pyramidal {10 1 1}
< 1 1 23> and second-order pyramidal {11
1 2 2}
< 1 1 23> slip systems, as well as tensile {10 1 2}
< 1 011> compression {2 1 1 2}<2 1 1 3 > twinning
systems.

3. RESULTS AND DISCUSSION
A comparative XRD analysis indicates that the CSD
sizes, the crystal lattice elastic microdistortions,

as well as the dislocation density for nanostructured
states produced by continuous ECAP at 200 o
7,
400 o
7and 450 o
7, differ significantly from those for
the coarse-crystalline state (Table 1).
After processing by continuous ECAP for 8
passes at T=450 o
7, the CSD size decreases approximately twofold, as compared with the coarseRa
h
bc
P[
[
X
]Tbc
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T P]ST dP[
b)(r)] fWX
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b] c
contradictory to the results obtained in [8] for CP Ti
(grade 2). At 450 o
7c
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7, and its
dependence on the number of passes varies with
regularity (Table 1). The value of the root-meansquare microdistortions of the crystal lattice after a
large number of passes reaches saturation, and so
does the dislocation density.
As the temperature of continuous ECAP is deRa
TPbTSc
o
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WTa
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bPR ]bX
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T]ca
TSdRc
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in the CSD size with increasing number of passes.
Here the levels of root-mean-square microdistortions
monotonously grow, and the dislocation density
grows as well. The level of the root-mean-square
microdistortions of the crystal lattice after the first
Pbb UR ]c
X
]d db975DPc
o
7 is about two
c
X TbWX
VWTaP]SPU
c
Ta. PbbTbuP dc (c
X Tb
higher than the corresponding value for the coarsecrystalline state. At the same time, as a result of
processing by continuous ECAP for 8 passes at
400 o
7, the dislocation density grows more than
tenfold, which indicates a high density of intoduced
defects. However, this value of dislocation density
(Table 1) is slightly higher than that for pure Ti after
8 passes of ECAP at a temperature of 450 o
7fX
c
W
subsequent cold rolling ( ~ 3.1015 m-2) [10]. This
difference is apparently associated with the purity
of the compared materials, strain degree and temperature, different deformation schemes.
As the temperature of continuous ECAP is decreased to 200 o
7, there is also a consistent reduction in the CSD size with increasing number of
passes. Here the levels of root-mean-square
microdistortions monotonously grow, and the dislo-

Table 1. Structure parameters of titanium billets (grade 4) produced by continuous ECAP.
State

Initial
1st pass
2nd pass
4th pass
6th pass
8th pass

CSD, nm
200 400
o
7
o
7

450
o
7
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, 1015 m-2
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~0.23
~0.89
~1.87
~3.27
~5.33
~5.72

~0.73
~1.65
~2.99
~4.94
~5.27

~0.65
~1.51
~2.71
~4.79
~5.09
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Fig. 2. Experimental PFs (0002) for Ti Grade 4 in various states. Longitudinal section. Initial state (a), 1, 2,
4 and 8 passes 450 o
7(b)-(e), 1, 2, 4, and 8 pases 400 o
7(f)-(i), 1, 2, 4 and 8 passes 200 o
7(j)-(m).
cation density grows as well. The level of the rootmean-square microdistortions of the crystal lattice
after the first pass of continuous ECAP at 200 o
7is
( WX
VWTaP]SPU
c
Ta. PbbTbuP dc (c
X Tb
higher than the corresponding value for the coarsecrystalline state. At the same time, as a result of
processing by continuous ECAP for 8 passes at
200 o
7, the dislocation density grows more than
six times, which indcates a high density of intoduced
defects.
Thus, the X-ray diffraction analysis shows that a
decrease in the temperature of continuous ECAP
contributes to additional microstructure refinement.
The experimental complete PFs (0002) for Ti
(grade 4) in various investigated states (the intial
state, the states after the first, second, fourth and
eighth passes of continuous ECAP at a temperature of 450 o
7) are displayed in Fig. 2a. At the periphery of the PF in the initial state two texture
maxima are observed, related to orientations of the
type {0001}< 1 1 20>. In the center of the PF there
is a fiber {01 1 0}<uvtw> oriented along the PF vertical axis (Fig. 2a). The location of texture maxima in
the PF (0001) in the initial state (Fig. 2a) is similar
to the one observed during rolling [5] and is condi-

tioned by the thermomechanical process of the initial rod fabrication.
The experimental PF (0002) after the first pass
of continuous ECAP at T = 450 o
7 :X
V( X
bRWPa
acterized by four main maxima located at the PF
periphery at angles approximately equal to 60oin
respect to axis 1 which corresponds to the orientation of the billet longitudinal axis. The location of
the texture maxima is similar to the one observed
during conventional ECAP (T = 400 o
7 fX
c
Wc
WT
angles of channels intersection equal to 120o
. Such
a texture can be characterized using the ideal orientations H1 , H2 , H3 , H4 , H5 , and H6 , corresponding to the texture of simple shear (Fig. 3) [11].
The maxima indicate the activity of pyramidal (orientations H2 , H3 , H4 ) and basal (orientation H1 )
slip systems.
Besides, in the center of the PF another maximum is observed, corresponding to the orientation
H2 (0001)< 1 010> (Figs. 2b and 3). The character
of location of all the texture maxima in the PF (0002)
indicates that the basal planes are mostly set parallel to the shear plane (the plane of the channels
intersection). Also, they are favorably oriented for
the dislocation glide <a> along this plane, as well
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Fig. 3. Locations of the ideal orientations of simple
shear during ECAP in the PF (0002) for metals with
an HCP-lattice (c/a = 1.633) [11]. The angle of channels intersection is 120o
.

as along the first-order and second-order pyramidal
planes.
After the second, fourth and eighth passes the
appearance of the PF practically does not change,
and it looks similar to the PF after the first pass
(Fig. 2b). At the same time, after the eighth pass
(Fig. 2e) the orientation ( 1 2 1 1)<31 4 1>, which is
close to the PF center and belongs to the pyramidal type, becomes stronger.
The experimental PF (0002), after the fist pass
of continuous ECAP at T = 400 o
7 :X
V(U X
bRWPa
acterized by two main maxima located at the PF
periphery, and is, on the whole, similar to the one at
T2 + o
7 GWT[R
Pc
X] U
c
WTc
Tg
c
da
T PgX PR
P]
be described using the ideal orientations H1 , H2 ,
H3 , H4 , H5 , and H6 , corresponding to the texture of simple shear (Fig. 3). The maxima indicate
the activity of basal and pyramidal slip systems in
the shear pane (orientation H1 ), as well as twinning systems (orientation H6 ).
After the second pass of continuous ECAP at T
2
o
7c
WTRa
h
bc
P[
[Va
P WX
R a
X
T]c
Pc
X]b Uc
WT
grains are different from the ones typical for the state
after the first pass. The evidence of this is the change
in the texture maxima location (Fig. 2g). The basal
plane which was parallel to the shear plane (perpendicular to plane 1-2) after the first pass, is rotated by ~30 degrees in relation to axis 2. This leads
to the appearance of a new orientation (01 1 1 )
< 2 111
1> displaced to the PF center.
After the fourth and eighth passes of continuous
ECAP at T = 400 o
7, the appearance of the PF
practically does not change, and it looks similar to
the PF after the second pass (Fig. 2g). At the same
time, after the fourth pass the orientation H2
(0001)< 1 010> in the PF center becomes weaker

(Fig. 2d). Besides, the pole density of the orientation ( 1 2 1 1)<31 4 1>, which is close to the PF center and belongs to the pyramidal type, has a tendency for insignificant growth with increasing number of ECAP passes.
The experimental complete PFs (0002) of Ti
Grade 4 after the first, second, fourth and eighth
passes of continuous ECAP at a temperature of
( o
7Pa
TSX
b[
Ph
TSX
]:X
V (Y( C]c
WTfW [
T
the PFs in different structural states at a temperac
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the orientation (01 1 1 )< 2 111>, which belongs to
the pyramidal type, decreases with increasing numTa UR ]c
X
]d db975D7 PbbTbfWX
[
Tc
WTsc
fX
]
a
X
T]c
Pc
X]t<, (12 3 0) <0001> disappears (Figs.
2j-2m).
Interpretation of the obtained experimental crystallographic textures is rather complicated, since
they do not allow to establish the operating slip and
twinning systems. In this connection, an analysis
of the texture formation processes in the course of
SPD processing was conducted using computer
modelling within the viscous-plastic consistent
model. Fig. 4 displays the results of the modelling
of the texture formation processes during the processing of Ti Grade 4 by continuous ECAP, when
the selected slip and twinning systems are active.
The direct PFs (0001), resulting from modelling, reproduce the main texture maxma H1 , H2 , H3 , H4 ,

Fig. 4. Model PFs (0002) of Ti Grade 4 in plane 1-2
after processing by continuous ECAP through different numbers of passes: 1 pass (a), 2 passes (b),
4 passes (c), 8 passes (d). Longitudinal section. T
= 200 o
7.
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Fig. 5. Relative activity of the slip and twinning systems depending on the number of passes of continuous
ECAP. Ti Grade 4. T = 450 o
7(a), T = 400 o
7(b), T = 200 o
7(c).

H5 , and H6 of the shear texture (Fig. 3). Comparison of the experimental results (Fig. 2) and modelling results (Fig. 4) in the corresponding states (T =
200 o
7) demonstrates a good correlation between
them.
Fig. 5 presents the results of the modelling of
the texture formation processes at temperatures of
450 o
7, 400 o
7, and 200 o
7with account of the slip
and twinning systems selected on the basis of literature data and corresponding to the given temperature of the critical shear stress. During continuous ECAP conducted at T = 450 o
7, the most active systems, as compared to the other slip and
twinning systems, are pyramidal <c+a> {10 1 1}
< 1 1 23> (first-order), basal {0001} and pyramidal
<a> {10 1 1}< 1 2 1 0> slip systems (Fig. 5a). The
activity of dislocation glide via basal systems has a
tendency to decrease with increasing accumulated
strain during the first pass of continuous ECAP. The
processes of tensile and compression twinning in
the course of continuous ECAP are restricted (Fig.
5a).

During the first pass of continuous ECAP conducted at T = 400 o
7, the most active systems, as
compared to the other slip and twinning systems,
are basal {0001} slip systems (Fig. 5b). The activity
of dislocation glide via basal systems has a tendency to increase with increasing accumulated
strain during the first pass of continuous ECAP.
Besides, during the first pass, pyramidal <c+a>
{10 1 1}< 1 1 23> (first-order) slip systems are also
active, their action having a non-monotonous character.
The processes of tensile and compression twinning are also under way during the first pass of continuous ECAP at T = 400 o
7, but their activity is
rather low (Fig. 5b). Here, the processes of twinning via the systems {10 1 2}< 1 011>, which are active at the beginning of the first pass, get impeded
at the end of the first pass. As the number of the
continuous ECAP passes increases, the activity of
particular slip and twinning systems changes consistently (Fig. 5a). At the initial stages of the pressing, the basal and pyramidal <a+c> slip systems of
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Fig. 6. Yield contours for Ti Grade 4 in various states: Longitudinal section. 1 uR X
]RX
STbfX
c
WSX
a
TRc
X]
uR X
]RX
STbfX
c
WSX
a
TRc
X]( Continuous ECAP at T = 450 o
7(a), T = 400 o
7(b), T = 200 o
7(c).
2

the first order are the most active. By the end of the
respective pass the fraction of basal slip systems
is gradually reduced and, in contrast, the fraction of
pyramidal slip system grows. In addition, starting
from the second pass, prismatic slip systems become slightly activated (Fig. 5a). A similar tendency
was observed in the works [12,13] which demonstrated that the most active slip systems are basal,
prismatic and pyramidal systems.
The results of the assessment of particular slip
and twinning systems at T = 200 o
7are presented
in Fig. 5c. As a result of a decrease in the pressing
temperature, the twinning processes intensify (Fig.
5c). It can be seen from Fig. 5c that at the beginning of the first pass of continuous ECAP at T =
200 o
7twinning systems become activated, which
in a natural manner leads to microstructure refinement. The processes of deformation by twinning are
also active at large strains of severe plastic deformation (Fig. 5c). At the same time, the fraction of
active dislocations moving via basal and pyramidal
<a+c> slip systems of the first order becomes lower
than that realized at T = 400 o
7. Also, worth mentioning is an insignificant reduction in the fraction of
prismatic systems with decreasing temperature of
processing by continuous ECAP with large strains.

It was demonstrated earlier that the activity of
basal, pyramidal and prismatic slip systems is dominant in the formation of crystallographic texture in
Ti Grade 2 in the process of conventional ECAP
[14]. At the same time, it was established that the
role of twinning is noticeable only at the beginning
of the first pass of ECAP in the considered conditions (T = 450 o
7, the pressing speed is 6 mm/s).
A comparative analysis showed that in the process
of both conventional and continuous ECAP, the
same slip and twinning systems become activated.
Fig. 6 displays the results from the modelling of
yield stress anisotropy along various directions in
the billet. The calculations were performed using
the software suite LaPP (Los Alamos Polycrystal
Plasticity) [5]. The dots in the graphs denote the
yield stresses ( 0.2) along various directions in the
billet. Here axis 1 coincides with the longitudinal
direction (axis 1 in Fig. 1) in the billet, while axis 2
coincides with the directionperpendicular to the longitudinal direction (axis 2 in Fig. 1). The modelling
results indicate that, at all the temperatures under
consideration, an increase in the number of continuous ECAP passes should contribute to the formation of a more isotropic state.
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3. CONCLUSIONS
As a result of the conducted experimental studies,
using X-ray diffraction analysis and computer modelling, the effect of the continuous ECAP temperature on the character of microstructure evolution,
the operating deformation mechanisms, the level and
anisotropy of strength properties in Ti Grade 4 has
been investigated. It has been established that at a
temperature of 450 o
7occurs a consistent decrease
in the size of grains and CSD. Also, with increasing
number of passes, a monotonous growth of rootmean-square microdistortions and dislocation density is observed.
As the processing temperature is decreased to
200 o
7, activation of the twinning processes, which
contribute to microstructure refinement, is observed.
Here the values of root-mean-square microdistortions
and dislocation density in the crystal lattice reach
an extremely high level.
As a result of the computer modelling of the crystallographic texture evolution, it has been
demonstated that in the process of continuous
ECAP, at all the temperatures under consideration,
the most active systems, as compared to the other
slip and twinning systems, are basal {0001} and
pyramidal <a+c> slip systems of the first order. Also,
the formed crystallographic texture can be characterized by the ideal orientations H1 , H2 , H3 , H4 ,
H5 , and H6 , corresponding to the texture of simple
shear. An increase in the number of continuous
ECAP passes leads to the restriction of twinning
processes, as well as to intensification of prismatic
slip systems.
The anisotropy of strength properties becomes
less pronounced with increasing number of continuous ECAP passes and with increasing processing
temperature.

ACKNOWLEDGMENTS
M.M. Ganiev and G.I. Raab would like to express
gratitude for the grant provided in the framework of
the government support of Kazan (Volga region)
Federal University.
V.D. Sitdikov expresses gratitude to the Russian Federal Ministry for Education and Science for

51

partial financial support through the Grant No.
14.B25.31.0017.
E.I. Fakhretdinova would like to express gratitude for the financial support provided under project
RNF ! 144-19-01062 performed by the Federal State
Budget-Funded Educational Institution of Higher
DaU
TbbX]P[
9SdRPc
X]sHU
PFPc
T5e
X
Pc
X]GTRW]X
RP[
H]X
e
Ta
b
X
c
h
tUaR ]SdR
c
X
]VKa
PhP]P[
h
bX
bUX
crostructure

REFERENCES
[1] R.Z. Valiev, R.K. Islamgaliev and I.V.
Alexandrov // Progress in Mater. Sci. 45 (2000)
103.
[2] R.Z. Valiev and T.G. Langdon // Progress in
Mater. Sci. 51 (2006) 881.
[3] R.Z. Valiev and I.V. Alexandrov, Bulk
nanostructured metallic metrials
(Akademkniga, Moscow, 2007).
[4] S.S. Gorelik, L.N. Rastorguev and Yu.A.
Skakov, X-ray and electron-optical analysis
(Metallurgiya, Moscow, 1970).
[5] U.F. Kocks, C.N. Tome and H.R. Wenk,
Texture and anisotropy: preferred orientations
in polycrystals and their effect on materials
properties (Cambridge University Press,
Cambridge 1998).
[6] I. Kim, J. Kim, D.H. Shin, X.Z. Liao and Y.T.
Zhu // Scripta Mater. 48 (2003) 813.
[7] I. Kim, J. Kim, D.H. Shin, C.S. Lee and S.K.
Hwang // Mater. Sci. Eng. A 342 (2003) 302.
[8] E. Schafler, M. Zehetbauer and T. Ungar //
Materials Sci. Eng. A )
(2001) 220.
[9] R.A. Lebensohn and C.N. Tome // Acta Mater.
41 (1993) 26.
N O> d X
Ri
P =7 8a
PV X
a EXma
X
Z F7
Baik, Y.T. Zhu, R.Z. Valiev P]SG H]Vma
Z. Metallkunde 94 (2003) 1185.
[11] S. Li // Acta Mater. 56 (2008) 1031.
[12] D.H. Shin, I. Kim, J. Kim, Y.S. Kim and S.L.
Semiatin // Acta Mater. 51 (2003) 983.
[13] I.J. Beyerlein P]S@F Gnc
W Prog Mater Sci.
54(4) (2009) 427.
[14] I.V. Alexandrov, V.D. Sitdikov and J.T.
Bonarski // Vestnik UGATU 12 (2009) 76-82.

