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Abstract Commercial MgAlZn alloy AZ31 was pro-
cessed by hot extrusion and equal channel angular pressing
(ECAP) known as EX-ECAP. Microstructure and defect
structure evolution with strain due to ECAP were investi-
gated by TEM, positron annihilation spectroscopy (PAS),
and X-ray diffraction. Significant grain refinement was
obtained by EX-ECAP. In the extruded condition relatively
low density of dislocations was determined by PAS. Sharp
increase of dislocation density occurred during the first two
passes of ECAP, followed by the saturation and even a
decline manifesting the dynamic recovery at higher strains.
XRD line profile analysis confirmed the results of PAS
with slightly higher values of dislocation densities in
individual conditions. Detailed analysis of contrast factors
allows to determine the type of dislocations and to draw
conclusions about slip activation and its variations with
strain. The influence of microstructure evolution on
mechanical properties is discussed.
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Introduction

Magnesium alloys are, namely due to their high specific
strength, gaining a renewed interest for structural applications
in automotive and aerospace industry where weight is a crit-
ical factor. However, the applications of Mg alloys are still
limited, because of problems associated with limited ductility,
relatively low strength, low creep and corrosion resistance,
and low forming capability. The limited ductility is a conse-
quence of the small number of independent easy glide primary
slip systems and the much higher values of the critical
resolved shear stress in other slip systems. The occurrence of
strong deformation textures and stress anisotropy are another
factors negatively influencing the possible applications of Mg
alloys as structural components [1].

It is well-known that the properties of magnesium alloys
may be improved by refining the grain size to submi-
crometer or even nanometer level [2-7]. A variety of new
techniques have been proposed for the production an
ultrafine grained (UFG) structure in materials, as e.g., high
pressure torsion, accumulative roll-bonding, etc. Among
these techniques, which introduce the severe plastic
deformation (SPD) in the material, the equal channel
angular pressing (ECAP) [8] has become the most popular
and widely used method of grain refinement due its ver-
satility and scalability.

ECAP is reported to activate the prismatic and pyra-
midal slip systems and the resulting texture changes
re-activate the basal slip [9]. Multiple processing of the
samples by ECAP leads to changes in properties and
microstructure that are typically non-monotonous, exhib-
iting an extreme value after 3—-5 passes through the die
[10]. In order to understand the underlying processes a
detail knowledge of microstructure, defect structure, and
texture development is necessary.
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The objective of this article is to investigate the micro-
structure and dislocation structure evolution in specimens
processed by ECAP up to 12 passes and to correlate it with
mechanical properties.

Experimental procedures

Commercial AZ31 alloy, with a nominal composition of
Mg-3 %Al-1 %Zn in the initial as chill-cast condition as
received from Dead sea magnesium was used in this
investigation. The material was first extruded at
T = 350 °C with an extrusion ratio of ER = 22 using a
630 t direct extrusion press. Billets of the dimensions
10 x 10 x 120 mm were machined from the extruded bar.
ECAP pressing was performed at 180 °C to reduce grain
growth during pressing [11] following route Bc at the
speed of 50 mm/min. A series of specimens up to the
maximum equivalent strain of 12 (1, 2, 4, 8, and 12 passes)
were processed.

Specimens for light and transmission electron micros-
copy (TEM) observation of the ECAP-generated micro-
structure were taken from the middle part of the billet
perpendicular to the pressing direction. TEM foils were
first mechanically polished and finally ion-polished using a
Gatan PIPS™ jon mill at 4 kV and an incidence angle of
4°. TEM investigations were performed with a Jeol
2000FX electron microscope operated at 200 kV.

A 22N212CO3 positron source (~ 1.5 MBq) deposited on
a 2 um thick mylar foil was used in positron lifetime
measurements. The source was always sandwiched
between two identical samples of the studied alloy. The
source contribution consists of two components with life-
times of 368 ps (intensity 8 %) and 1.5 ns (intensity 1 %)
which come from positrons annihilated in the source spot
and in the covering Mylar foil, respectively. Positron life-
time measurements were carried out using a fast—fast
spectrometer [12] with a time resolution of 150 ps (FWHM
22Na). At least 107 positron annihilation events were
accumulated in each positron lifetime spectrum which was
subsequently decomposed into individual exponential
components by a maximum likelihood procedure [13].

The X-ray line profiles were measured by a high-reso-
lution rotating anode diffractometer (Nonius, FR 591)
using Cu Ko; (4 = 0.15406 nm) radiation. Two-dimen-
sional imaging plates detected the Debye—Scherrer dif-
fraction rings. The line profiles were obtained as a function
of the diffraction angle by integrating the two-dimensional
intensity distribution along the rings at discrete angle
values. The line profiles were evaluated by the convolu-
tional multiple whole profile (CMWP) fitting analysis [14].
In this procedure, the diffraction pattern is fitted by the sum
of a background spline and the convolution of the

instrumental pattern and the theoretical line profiles related
to the crystallite size, dislocations, and twin faults. Sev-
enteen peaks of Mg were used in the fitting procedure. The
theoretical profile functions used in this fitting procedure
were calculated on the basis of a model of the micro-
structure, where the crystallites have spherical shape and
log-normal size distribution.

Results and discussion
Microstructure evolution
Light microscopy

The microstructure changes in specimens subjected to ECAP
were observed by light microscopy and TEM. The micro-
structure of AZ31 alloy in the initial condition is shown in
Fig. 1. The microstructure consists of almost equiaxed
grains with the average size of approximately 150-200 pum.
Several twins are also seen in the micrograph.

Hot extrusion resulted in strong grain refinement.
However, the microstructure of the specimen after the
extrusion is rather inhomogeneous containing zones with
coarse grains surrounded by fine grains. The typical
example of the extruded specimen is shown in Fig. 2a. The
bimodal character of the microstructure remained after the
first two passes of the ECAP (see Fig. 2b and c). During
further straining the fragmentation of coarse grains occur-
red resulting in almost homogeneous microstructure as
shown in Fig. 2d which represents the typical microstruc-
ture in the specimen after 4 passes of ECAP. The homo-
geneous microstructure did not change significantly in
specimens after 8 and 12 passes. However, the limited

Fig. 1 Microstructure of the AZ31 alloy in the as-cast condition
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Fig. 2 Grain structure of the AZ31 alloy processed by ECAP from the extruded condition a extruded material, b after 1 pass, ¢ after 2 passes,

and d after 4 passes

resolution of the light microscope does not allow to char-
acterize the details of microstructure changes.

Transmission electron microscopy

Detailed investigation of microstructure evolution and
grain fragmentation with strain due to ECAP was per-
formed by TEM. The typical microstructure of the extruded
specimen is shown in Fig. 3a. It may be characterized as
the heavily deformed structure with many dislocations
which are inhomogeneously distributed within grains.
Dislocations tend to rearrange themselves and form cell or
subgrain boundaries. The initial stages of substructure
formation were detected by a detail inspection of electron
diffraction pattern variations throughout coarse grains.
TEM observation confirmed the bimodal character of the
microstructure observed by light microscopy. In Fig. 3b a
zone surrounding a coarse grain is shown. The small grains
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having the size of several micrometers are clearly visible in
the micrograph.

The microstructure in individual specimens after ECAP
is shown in Fig. 4. The grain refinement occurred already
during the first ECAP pass, see Fig. 4a where a zone
containing fine grains is displayed. The average grain size
of almost equiaxed grains is apparently below 1 pm with
several grains having the size even below 500 nm. Only a
small area fraction of large grains was left within the
bimodal distribution. No significant grain size reduction
was observed with increasing strain in zones with fine
grains, cf. Fig. 4b, c, and d showing the microstructure in
specimens after 2, 8, and 12 ECAP passes, respectively. On
the other hand, in zones with coarse grains the increasing
deformation caused the grain fragmentation and refine-
ment. In the specimen after 8 passes almost homogeneous
microstructure with equiaxed grains of the average size of
approximately 500-600 nm was observed (see Fig. 4c).
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Fig. 3 TEM micrograph of AZ31 in extruded condition a Coarse grains. b Fine grains

The microstructure evolution and grain fragmentation in
extruded specimen which underwent subsequent ECAP
pressing corresponds well with observations of other
authors in AZ31 alloy [5, 11, 12, 15] and confirms the
principal differences of grain refinement in materials with
hexagonal close packed (HCP) and face-centered cubic
(FCC) lattice. In FCC metals, typically in Al, first the
substructure is formed consisting of elongated bands of
cells or subgrains. With increasing strain bands continu-
ously evolve into an equiaxed UFG structure with the final
grain size mostly given by the subgrain walls spacing [16].
Calculations of the shearing patterns for different pro-
cessing routes lead to the conclusion that an equiaxed
microstructure is achieved most rapidly in ECAP when slip
occurs on three orthogonal planes over a wide range of
angles following route Bc [17, 18]. On the other hand,
grain refinement in magnesium alloys seems to be more
complex and the formation of a bimodal grain structure
after processing by ECAP was reported by many authors
[19-21]. Bimodal distribution of grains is probably due to
limited active slip systems in magnesium, therefore only
favorably oriented grains are deformed and refined as first
during ECAP process and areas of less deformed and larger
grains are left in microstructure.

Defect structure evolution
The plastic shear deformation by the ECAP causes accu-

mulation of large plastic strain and increase of structural
defects. In this study we employed two techniques to

characterize in detail the evolution of defects in individual
specimens after ECAP.

Positron annihilation spectroscopy

Positron lifetime spectra of all samples studied can be well
fitted by two exponential components. The shorter com-
ponent with the lifetime t,, which is lower than the bulk
positron lifetime in Mg g = 225 ps [22], represents a
contribution of free positrons not trapped at defects. The
longer component with lifetime 7, ~ 260 ps arises from
positrons trapped at dislocations [23].

The development of positron lifetimes t;, 7, with
increasing number of ECAP passes is plotted in Fig. Sa,
while Fig. 5b shows the dependence of the intensity I, of
positron trapped at dislocations on the number of ECAP
passes. The dislocation component with appreciable
intensity of 20 % was detected already in the extruded
alloy, i.e., prior to the ECAP processing. This testifies that
dislocations were introduced into the alloy by plastic
deformation during extrusion. The lifetime 7, of positrons
trapped at dislocations remains approximately constant
during ECAP processing confirming that the nature of
positron traps does not change. The intensity I, of positrons
trapped at dislocations first increases with increasing
number of ECAP passes and becomes maximal in the
specimen subjected to 2 passes. Further ECAP processing
(more than 2 passes) causes a gradual decrease of I,. Note
that similar behavior of the intensity of dislocation com-
ponent during ECAP processing was observed in other Mg
alloys (AZ80, ZK60) [24].

@ Springer
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Fig. 4 TEM micrograph of specimens after ECAP a 1 pass, b 2 passes ¢ 8 passes, and d 12 passes

The mean dislocation density pp can be calculated from
positron lifetime data using the two-state simple trapping
model (STM) [25].

1 1 1
= L{———). 1
p=rk(i-7) (1)

The symbol vp stands for the specific positron trapping rate
to dislocations which in the majority of metals falls into the
range of 10752104 m? s! [26]. Here we used
v =1x 10" m?s™" since Mg exhibits low electron
density in interatomic regions which makes the positron
binding energy to open volume defects lower than in dense
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metals and, thereby, vp is expected to be close to the lower
limit of the aforementioned interval. Note that in the frame
of the two-state trapping model the quantity

I, L\
T = <—1+—2) (2)
T1 T2

equals to the bulk positron lifetime in the defect-free
material. This relation was found to hold in all the speci-
mens studied. This testifies that the alloys deformed by
ECAP contain indeed a single type of defects and that
dislocations are distributed relatively homogeneously in
the specimens.
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Fig. 5 Results of positron lifetime measurements for AZ31 alloy
subjected to various number of ECAP passes. a Lifetimes 7; (squares)
and 7, (circles) of the free positron and the dislocation component.
b Intensity I, of the components arising from positrons trapped at
dislocations

The mean dislocation density pp calculated from Eq. (1)
is plotted in Fig. 6 as a function of the number of ECAP
passes. One can see in Fig. 6 that pp first increases during
ECAP processing and reaches its maximum in the sample
subjected to 2 ECAP passes. However, further ECAP
processing leads to a gradual decrease of dislocation den-
sity indicating a recovery of dislocation structure con-
nected with development of UFG structure. Most probably
rearrangement of dislocations and mutual annihilation of
dislocations with opposite sign takes place during further
ECAP processing. Finally in the sample subjected to 12
ECAP passes pp decreased to the similar value as in the
extruded sample prior to ECAP processing.

X-ray diffraction
In Fig. 7, as an example, the CMWP fitting for AZ31 alloy

processed by 4 passes of ECAP is shown. Open circles and
the solid line represent the measured data and the fitted
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Fig. 6 Dislocation density pp in AZ31 alloy subjected to various
number of ECAP passes
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Fig. 7 CMWP fitting of the X-ray diffraction pattern in logarithmic
intensity scale for AZ31 alloy processed by 4 passes of ECAP. The
open circles and the solid line represent the measured and the fitted
data, respectively. The indices of reflections for the Mg matrix and the
Mg,;Al;, phase are also indicated

curves, respectively. The area-weighted mean crystallite
size ((X)area), the density (p) and the character of disloca-
tions as well as the twin boundary frequency (f5) were
determined by the line profile analysis. The area-weighted
mean crystallite size was calculated from the median and
the variance, m and o, of the log-normal size distribution as
(*)area = m exp(2.5 62) [27]. The twin boundary frequency
is defined as the relative fraction of twin boundaries among
the lattice planes acting as habit planes in twinning. In HCP
materials twinning usually occurs on {101}, {102}, {111},
and {112} planes, therefore in the line profile analysis all
of these twin families were considered. The relative frac-
tions of different dislocation slip systems were determined
by comparing the theoretical dislocation contrast factors
with the experimental values using the procedure described
in [28].
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Table 1 The total integrated intensity of the X-ray diffraction peaks of Mg;;Al;, phase relative to the intensity for the Mg matrix (/,;), the area-
weigthed mean crystallite size ((x).ea), the dislocation density (p) and the relative fraction of screw dislocations in the Mg matrix

Sample Lo (%) (%) area (nm) p (10" m™?) Fraction of screw
dislocations (%)

Extruded 0 470 4+ 80 09 + 0.1 13+ 13

1 ECAP 0.14 £+ 0.03 173 £ 16 1.4+ 0.1 60 + 10

2 ECAP 0.14 £ 0.03 146 £ 15 1.7+ 0.2 715

4 ECAP 0.7 £ 0.1 134 £ 15 1.3+ 0.1 47 £ 10

8 ECAP 2.6 +£0.3 120 + 13 1.1 £ 0.1 42 + 17

The X-ray diffractograms revealed the existence of
Mg;Al;, phase in addition to the Mg matrix. The amount
of Mg;7Al;, in the samples is characterized by its relative
intensity in the diffractograms, i.e., the ratio of the inte-
grated intensities of all Mg,;7Al,, and Mg peaks in the two
theta range from 30 to 115 degrees. The values of the
relative intensity (/) are shown in Table 1. It is revealed
that the amount of Mg;;Al;, phase significantly increased
with increasing number of ECAP passes. Most probably,
before ECAP the majority of alloying elements were in
solid solution and the ECAP processing at 180 °C caused
the formation of Mg;;Al;, precipitates.

Considerable twinning was not observed in any of the
specimens. The practically zero value of the twin boundary
frequency does not mean definitely the lack of twinning as
the lowest detection limit of twin boundary frequency is
about 0.05 % in the present experiments that corresponds
to an average twin boundary spacing of about 400 nm. If
the mean twin boundary spacing is higher than this value,
line profile analysis gives practically zero value for twin
boundary frequency. The low level of twinning is most
probably caused by the relatively small size of crystallites
formed during ECAP as in HCP metals the reduction of
grain size is usually accompanied by the decrease of
twinning activity [29]. The values of the crystallite size and
the dislocation density are listed in Table 1. The crystallite
size decreased up to 2 passes of ECAP then it remained
unchanged within the experimental error. The dislocation
density increased up to 2 passes then it decreased slightly
when the number of ECAP passes increased. After 2 passes
the reduction of the dislocation density along with the large
increment of the amount of Mg,,Al,, precipitates suggests
that the alloying elements (Al and Zn) have stronger pin-
ning effect on dislocations when they are solved in the
matrix than in the form of precipitates. It is noted that the
crystallite size determined by X-ray line profile analysis is
smaller by a factor of about 4 than the grain size obtained
by TEM. This phenomenon is well-known in the literature
of SPD-processed metallic materials and can be attributed
to the fact that the crystallites are equivalent to the
coherently scattering domains. As the coherency of X-rays
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breaks even if they are scattered from volumes having quite
small misorientations (1-2°), the crystallite size corre-
sponds rather to the subgrain size in the severely deformed
microstructures.

The dislocations in the different slip systems were
evaluated for their edge/screw character. In this procedure,
first the slip systems populated by dislocations were
determined from the experimental dislocation contrast
factors (q; and qy) using the procedure described in [28]. In
this method, the two experimental contrast factors were
made equal to the weighted averages of the theoretical
contrast factors for the eleven possible slip systems where
the weights were one or zero for the populated or non-
populated slip systems, respectively. Since the measured q
values had experimental errors, their comparison with the
theoretical contrast factors was carried out by introducing
tolerances [28]. The evaluation procedure gave one or more
sets of the eleven weights consisting of zero and one values
as possible solutions. Finally, the values obtained for the
screw dislocation slip systems in all solutions were sum-
med up and divided by the sum of the values determined
for all the slip systems. This number was used for the
characterisation of the relative fraction of screw disloca-
tions. Table 1 shows that the relative fraction of screw
dislocations increased up to 2 passes then it decreased
between 2 and 4 passes and remained unchanged between 4
and 8 passes. The Burgers-vector analysis of dislocations
revealed that the majority of screw dislocations that dis-
appeared for higher number of ECAP passes had Burgers-
vectors of (c) and {c+a) types. The strong decrease of the
fraction of (c) and (c+a) screw dislocations for higher
number of ECAP passes can be explained by their high
self-energy due to the large Burgers-vector and the easy
occurrence of their cross-slip.

Comparison of dislocation density evaluated by PAS
and XRD

Both experimental techniques revealed relatively high
number of dislocations in all specimens. The dislocation
density was found to increase up to 2 ECAP passes
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followed by a continuous decline for higher strains;
cf. Fig. 6 (PAS) and the Table 1 (XRD). Systematically
higher absolute values of pp (5-6 times) were obtained by
XRD in all specimens. The reason is probably threefold:

First, both techniques employed theoretical models for
the calculation of pp. In case of PAS, it was the STM [25]
which relies on the value of positron trapping rate vp (see
Eq. 1). This value cannot be obtained experimentally and
must be calculated from first principles and in metals falls
within a certain range of values. The selection of the exact
value was commented in the Section “Positron annihilation
spectroscopy” The line profile analysis is also based on a
microstructural model incorporated in the CMWP evalua-
tion procedure [27].

Second, the signal obtained by both techniques yields
information about the microstructure of different zones of
the specimen. X-ray signal comes mostly from areas below
the surface of the specimen while PAS signal from the
bulk.

Third, both techniques employ numerical processing of
experimental data and the results inevitably contain some
error.

The reason of the difference in pp obtained by both
techniques is rather complex and its clarification requires
further systematic studies. Let us treat the problem in rel-
ative units as there are the relative changes of pp which
should be independent of the technique, provided the
evaluation is right. Let us take the specimen with the
highest value of pp as the reference, in our case the
specimen after 2 ECAP passes, and determine relative
changes of pp with respect to the density pp max in this
specimen. The result is shown in Fig. 8 where the relative
change pp/pp max 1s displayed as a function of the number
of passes (strain). Excellent match of both curves corre-
sponding to relative changes of dislocation density deter-
mined by PAS and XRD is clearly seen.

| %ﬁm\%_%ﬂ
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Fig. 8 The evolution of relative dislocation density in ECAPed
specimens determined by PAS and XRD

The course of this “master curve” describes unambig-
uously the evolution of dislocation density with strain
during ECAP pressing. Significant increase of dislocation
density with strain occurs during the first two ECAP pas-
ses. Almost double value of pp was found in the specimen
after 2 passes than in the extruded material. With
increasing number of passes the dislocation density
decreased and in the specimen after 12 passes it reached the
value comparable with the extruded specimen.

In our previous study, we have found the similar non-
monotonous dependence of dislocation density with strain
also in other magnesium alloys [24] and explained it by
dynamic recovery processes operating at higher strains.
However, in other magnesium alloys, e.g., in AZ91, the
monotonous increase of dislocation density with strain was
found [30]. In this case, a high volume fraction of dis-
continuous Mg;;Al,, precipitates having a rod-like shape
were present in the alloy. During ECAP pressing these
particles were continuously broken into smaller parts and
their relatively homogeneous dispersion in the matrix
contributed to further strengthening of the alloy due to
increasing density of dislocations. These precipitates were
also found in AZ31 alloy by XRD. However, their volume
fraction was significantly lower and softening processes by
rearrangement and recovery of dislocations at higher
strains prevailed in this alloy.

Correlation of mechanical properties
with microstructure evolution

Recently we investigated the mechanical properties of
ultrafine grained AZ31 polycrystals processed by extrusion
and ECAP [31]. In Fig. 9 the dependence of the yield stress
on the number of passes is displayed. There is an obvious
correlation between mechanical properties and the dislo-
cation density evolution, cf. Figs. 8 and 9. Both ¢, and pp
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160 [ 1

140
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Fig. 9 The dependence of the yield stress on the number of ECAP
passes
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first increase with increasing strain up to 2 passes of ECAP
where they reach the maximum and then decrease contin-
uously with increasing strain.

The texture changes caused by ECAP process were also
reported to have a crucial influence on the mechanical
properties. As it was shown in our previous work [29], the
initial extruded bars exhibit a strong basal texture,
i.e., most grains have their crystallographic c-axis per-
pendicular to the extrusion direction. This orientation
relation makes the {10.2} twinning mode difficult to acti-
vate, which belongs the one of the most important defor-
mation mechanism in magnesium alloys [32]. The first and
second pressing reorients the grains to twinning-proper
direction. Since the {10.2} twinning causes hardening [32]
and contributes to the strain accommodation [33], an
increase in both strength and ductility is observed. The
texture emerging after the fourth pass is again unsuitable
for twinning [34], thus the plastic deformation is realized
mostly by dislocation slip and a negative Hall-Petch rela-
tion is observed. The softening for higher passes is caused
by prevailing impact of texture weakening over the
strengthening effect of grain refinement [35]. Furthermore
the dislocation density decreases with increasing pressing
number as well, therefore the number of dislocation-type
obstacles also decreases.

Our results indicate therefore that the influence of
microstructure evolution during ECAP on mechanical
properties is rather complex and may be explained both by
dislocation structure or texture development. Strengthening
due to grain refinement plays an important role only in early
stages of pressing (¢ < 2).

Conclusions

Microstructure and dislocation structure evolution with
strain due to ECAP in extruded AZ31 alloy were investi-
gated by light microscopy and TEM, positron annihilation
spectroscopy and X-ray diffraction. The following con-
clusions may be drawn from this investigation:

— ECAP processing resulted in a strong grain refinement
and a bimodal microstructure up to a strain of about 2,

— further ECAP pressing up to the strain of 4 caused the
fragmentation of coarse grains while the fine grains
were refined only slightly,

— Homogeneous distribution of almost equiaxed grains of
the average size of 500 nm with equilibrium high-angle
boundaries was observed only for high strains ¢ ~ 8.

— Dislocation density was found to increase with increas-
ing strain up to ¢ &~ 2; for higher strain it declined
continuously up to the value close to that of extruded
specimen.

@ Springer

— The influence of microstructure on mechanical proper-
ties is rather complex controlled by dislocation density,
texture and grain size evolution with strain due to
ECAP.
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