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a b s t r a c t

Effects of texture evolution and grain refinement induced by Equal Channel Angular Pressing, ECAP, on
mechanical responses of an extruded AZ31 magnesium alloy are investigated. Uniaxial compression
loading is carried out under a wide range of temperature (77 Ke423 K) and strain rate (10�4 s�1

e3000 s�1) along pressing direction (PD), transverse direction (TD), and normal direction (ND). The s-
shape strain hardening curve which is the main characteristic of twin-dominated deformation shows a
strong dependency on testing temperature and strain rate in the ECAPed material so that during loading
at the highest temperature (423 K) and the lowest strain rate (10�4 s�1), s-shape hardening is no longer
present. However, measured texture under the mentioned loading condition reveals crystal reorientation
due to twinning which implies that the absence of concaved-up stressestrain curve is not necessarily
indicative of suppression of twinning. On the other hand, the measured texture during high temperature
dynamic loading suggests saturation of twinning at smaller strains. Schmid factor maps, in agreement
with Visco-Plastic Self Consistent (VPSC) models, suggest the higher activity of twinning and basal slip in
plastic yielding of the extruded and ECAPed AZ31, respectively.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

The great interest for weight reduction paid by the trans-
portation industry has made magnesium alloys a center of atten-
tion. However, development of magnesium alloys for this purpose
is confronted by many challenges such as low corrosion resistance,
unacceptable mechanical properties at high temperatures, and
poor ductility. It is known that an insufficient number of slip sys-
tems in magnesium alloys results in poor ductility. In order to
improve this deficiency, special attention has been dedicated to
producing ultra-fine grain magnesium through severe plastic
deformation (SPD), in particular Equal Channel Angular Pressing,
ECAP [1e6]. In general, depending on temperature and strain rate,
grain refinement is the only strengthening mechanism which im-
proves both strength and ductility simultaneously. Increasing the
strength through grain refining is best described by the HallePetch
relationship which assumes an inverse correlation between flow
stress and grain size. FCC and BCC materials, which mainly deform
through dislocation slip, show significant increase in their strength
with a reduction in grain size induced by the ECAP process,
although the strain hardening capacity might decline depending on
microstructural features and the processing temperature [7e10].
However, the flow stress in magnesium alloys does not respond to
grain refinement according to the classical HallePetch relationship
if the effects of texture components on deformation mechanisms
are not considered [11e18]. In other words, a decrease in grain size
does not necessarily result in an increase of yield stress if the
loading is not carried out with respect to a constant texture
component. Yield stress in tension and shear of extruded magne-
sium decreases after ECAP [19e24]. In contrast, compressive yield
stress shows an increasing trend with number of ECAP cycles [21].

The importance of texture in plasticity of wrought magnesium
stems from the remarkable contribution of twinning to the plastic
deformation of magnesium alloys [25,26]. The twin system most
frequently observed in magnesium is f1102g〈1100〉[27]. This mode
of twinning occurs when internal stresses create a tensile stress
along the c-axis of the crystal. Therefore, unlike dislocation slips
which can take place on two exactly opposite loading directions
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(e.g. tensile and compression along one specific direction), twins
form only under one strain path, i.e. twinning does not occur in the
opposite path [27,28]. This underlines the effect of the loading di-
rectionwith respect to the texture components in the occurrence of
twinning in magnesium alloys. In this regard, several studies
focused on the calculation of Schmid factors (SF) for twinning in
magnesium alloys and the resultant texture [29e31] under various
loading directions.

The polar nature of twinning initiates the complexities associ-
ated with magnesium alloys' mechanical properties such as yield
asymmetry and mechanical anisotropy. Presence of a stronger
texture results in a more pronounced yield asymmetry and me-
chanical anisotropy. In magnesium with texture the propensity to
twinning deformation depends on grain size, temperature, and
strain rate [32e35]. Wang et al. [32] showed that there is a distinct
correlation between the number fraction of twinned grains and
grain size. According to this study, the twin fraction is larger for
coarse grained magnesium alloys. It was also shown that since the
twinning formation is less probable at smaller grain size a reduced
tension-compression yield asymmetry is expected [21,32]. Thus,
under the same loading condition, activities of deformation
mechanisms in magnesium alloys with similar texture but different
grain size are expected to be different.

To date, many studies have investigated the effect of ECAP on
mechanical properties and texture evolution of magnesium alloys
specifically under tensile loading, however, there is still a limited
discussion on these aspects under a wide range of temperature and
strain rate, in particular, in compressive loading. This could be of
great importance due to the notable mechanical anisotropy in
compression depending on the orientation of loading direction
with respect to c-axis [35]. In general, ductile metals can accom-
modate plastic deformation in compression without failure, how-
ever, non-ductile materials like magnesium alloys fracture
catastrophically on their shear plane leading to complete disinte-
gration. Applications such as extrusion and rolling that involve
compressive loadings require the knowledge of plastic flow at large
strains, and the measurement of flow behavior using compressive
testing is necessary. The present work focuses on mechanical
properties and texture evolution of ECAPed magnesium at a wide
range of temperature and strain rate under compression in
different directions. Utilizing the Visco-Plastic Self Consistent
(VPSC) modeling, the contribution of possible deformation mech-
anisms in compressive deformation is also studied.

2. Materials and experimental procedures

Commercial AZ31B magnesium alloy was received in extruded
form. Neutron diffraction texture measurements were conducted
for the as-received and ECAPed materials and also deformed sam-
ples. Using the MTEX algorithm developed by Hielscher and
Schaeben [36], the orientation distribution function (ODF) was
calculated.

The compression cylinders (5 mm in diameter and 7 mm in
length) were machined from the as-received magnesium parallel
and perpendicular to the extrusion direction designated as ED and
PED, respectively (Fig. 1a). The chosen dimensional ratio for sam-
ples, i.e. L(height)/D(diameter) ¼ 1.4, provides the lowest friction
between sample and compression anvil while buckling is avoided.
These specimens were cut in equal radial distances from the center
of extruded rod to factor out the effects of possible non-
homogeneity in texture and grain structure throughout the mate-
rial's cross section.

The ECAP billets had the dimensions of
12.7 mm � 12.7 mm � 82.5 mm. The ECAP die had a channel angle
of 90� and a corner angle of 20�. For these dimensions, the
equivalent strain for each pass subjected to each specimen is about
1. Tungsten disulfide (WS2) grease was used as a lubricant. The die
was preheated to 523 K. The billets were pressed at a speed of
1 mm/s and using route BC (90� rotation of the billet in the same
direction after each pass). After the billets were pressed for the final
time they were assigned a billet coordinate system based on the
pressing direction on the final product. The x, y and z directions are
labeled in Fig. 1b in where, y is aligned with the pressing direction
(PD) and x and z are perpendicular and transverse to the pressing
directions (ND and TD). Note that ND and TD have a certain
orientation with respect to the shear direction.

Room temperature quasi-static compression specimens had
been pressed for two and four passes. The cylindrical specimens,
5 mm in diameter and 7 mm in length, were machined from the
billets parallel to PD, ND, and TD. An MTS axial/torsion servo-
hydraulic 809 system, with an axial load capacity of 250 kN
equipped with an interface load cell of 25 kN, was used to perform
all of the quasi-static experiments. Experiments performed on
specimens were at strain rates of 10�4, 10�2 and 100 s�1. To study
the material response over a wide range of temperatures, the same
engineering strain rates given before were conducted at tempera-
tures of 77 K (liquid nitrogen, LN2) and 423 K for the ECAPed ma-
terial. To reduce the effect of friction on the uniformity of
deformation and maintaining uniaxial stress state and also to avoid
barreling during the compression experiment, the interface be-
tween the specimen and MTS fixture platens was lubricated with a
combination of Teflon sheet of 0.076 mm in thickness and high
vacuum grease at room temperature. High temperature tungsten
disulfide (WS2) grease was used as a lubricant in case of
compression experiments at high temperatures.

The split-Hopkinson pressure bar technique (SHPB) was utilized
to perform dynamic uniaxial compression experiments on samples
that were subjected to four passes of ECAP, at an engineering strain
rate of about 3000 s�1. In this study, the pressure bars were made
out of 12.7 mm diameter Vascomax C350 maraging steel. The high
strain rate cylindrical specimens were 6.6 mm in diameter and
3.5 mm in length. An annealed copper C110 ‘‘pulse shaper’’ of
6.35 mm in diameter and 0.25 mm thickness was used to dampen
the undesirable oscillations and noise from the test. The same
temperatures given before were performed. To monitor the texture
evolution during dynamic compression experiment, some loadings
were interrupted at selected intermediate strains. This task was
accomplished by placing a ring with a specific thickness between
the incident and transmitted bars while the sample was in the
center of the ring. To impose different strains, spacers with
different thicknesses of 3.278 ± 0.001 mm and 3.165 ± 0.001 mm
were placed between incident and transmitted bars.

3. Results and discussion

3.1. Microstructural and texture evolution after ECAP

The evolution of grain-structure and texture after two and four
passes of ECAP are shown in Fig. 2. Even though a remarkable
reduction in grain size after two passes of ECAP is observed, a non-
uniform grain structure prevails. Increasing the number of passes to
four reduces the non-uniformity in grain size distribution and also
slightly reduces the average grain size. The average grain size of
~13 mm in extruded AZ31reduces to 6.8 mm and 5.2 mm after two
and four passes of ECAP, respectively. Similar observations in grain
size changes with the number of ECAP passes has been observed in
a study conducted by Dumitru et al. [37] on effects of ECAP on ZK60
magnesium alloy.

Crystal orientation also experiences remarkable changes after
ECAP. While the basal poles in the extruded condition are



Fig. 1. Orientations of compression samples machined from a) extruded and b) ECAPed billets. Note to the orientations of ND and TD samples with respect to the shear direction.

Fig. 2. Optical microscopy and measured pole figures of as-extruded and ECAPed AZ31 after two and four passes.
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distributed axi-symmetrically perpendicular to the extrusion di-
rection, after two passes of ECAP (2P-ECAPed), the majority of basal
poles reorients toward ND. By increasing the number of passes to
four (4P-ECAPed), basal planes are more inclined to be aligned with
the shear plane during ECAP (Fig.1b), thus basal poles in 4P-ECAPed
are oriented between ND and 45� with respect to the pressing di-
rection. Texture evolution depends on the ECAP route and pressing
temperature [38e40]. Agnew et al. [38,39] showed that increasing



Fig. 4. Relative activity of different deformation mechanisms versus compressive
plastic strain predicted by VPSC in both extruded and ECAPed materials along ED/PD.
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the number of ECAP-Bc results in development of a stronger
texture. The texture measured by Mostaed et al. [40] reveals that
decreasing the pressing temperature during route Bc leads to a
stronger texture such that most of the basal planes are aligned with
shear plane during the ECAP.

3.2. Mechanical experiments results

Mechanical responses after compressive loading in ED and PD
for extruded AZ31and ECAPed magnesium, respectively, are shown
in Fig. 3. The yield strength of the extruded material is slightly
lower than 100 MPa and the stressestrain curve shows character-
istics of twinning-dominated plastic deformation, i.e., there is a
maximum in strain hardening rate at some intermediate strain. The
ECAPed samples show a substantial increase in yield strength.
However, when the number of ECAP passes increases from two to
four a slight decrease in yield strength is observed. Despite the
higher yield strength of the ECAPed material in comparison to the
as-extruded condition, strain-hardening rate is significantly lower
along the processing direction and it decreases more with
increasing the number of ECAP passes. These observations will be
explained in more details considering the starting texture in Sec.
3.3.

The observedmechanical responses are a result of grain size and
initial texture through their effects on deformation mechanisms. In
order to understand the roles of possible deformation mechanisms,
the VPSC simulation was utilized [41]. The relative activities of the
different deformation mechanisms which is the relative contribu-
tion of each deformation mode and the average number of active
system per grain were obtained after the VPSC model was cali-
brated to the best fit of both the stressestrain curves and the
texture simulation (Fig. 4). Details of the VPSC modeling can be
found elsewhere [35]. Plastic yielding in extruded AZ31 is domi-
nated by twinning. Twinning activity dwindles with strain while
that for basal slip increases gradually so that at the intermediate
strain of 6.5%, deformation is dominated by basal slip. Throughout
the whole deformation of the extruded sample, activities of pris-
matic and pyramidal slips stay below 10%.

Texture evolution alongside the grain refinement induced by
ECAP results in remarkable changes in the relative activity of
deformationmechanismswhen loading is performed parallel to the
PD. Plastic yielding in the ECAPed samples is dominated by basal
slip, however, twinning is still playing a major role in
Fig. 3. Mechanical responses of as-extruded and ECAPed AZ31 parallel to the extru-
sion/pressing direction.
accommodation of plastic deformation. Since the activity of twin-
ning is higher in extruded AZ31, a larger volume of hard orientation
for the following basal slip is expected. Hence, the resulted strain
hardening is significantly higher in the as-extruded condition
compared with ECAPed AZ31. On the other hand, non-basal slip
mechanisms show more activity in the ECAPed samples so that
after four passes prismatic and pyramidal slips precede twinning at
an earlier stage of deformation. This facilitates accommodation of
plastic deformation especially along the c-axis resulting in lower
strain hardening and higher fracture strain in ECAPed magnesium.
As it is shown in Fig. 3, not only the fracture strain increases with
ECAP passes but s-shape strain-hardening reduces due to the
higher contribution of pyramidal <c þ a> slip in compliance with
deformation along the c-axis.

Due to the presence of axi-symmetric texture in extruded AZ31
the strain hardening response is the same in all perpendicular di-
rections. However, a mechanical anisotropy in ECAPed AZ31pre-
vails when loading is carried out perpendicular to the pressing
direction (Fig. 5). A pronounced s-shape strain hardening response
is observed during loading in the TD of ECAPed AZ31 (Fig. 5). This
response is more appreciable in the 2P-ECAPed sample resulting in
Fig. 5. Mechanical responses of as-extruded and ECAPed AZ31 perpendicular to the
ED/PD.
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a higher flow stress compared with the 4P-ECAPed sample. Con-
trary to the TD sample the s-shape strain hardening response in the
ND of ECAPed AZ31is significantly reduced so that strain hardening
behavior in the ND of 2P-ECAPed sample resembles the typical
power shape response.

In order to examine effects of strain rate and temperature on
mechanical responses of fine grained AZ31, the 4P-ECAPed AZ31
was subjected to compressive loading in the PD and TD at the
temperature range of 77e423 K under the strain rate of
10�4e3000 s�1 (Fig. 6). Loading in both directions at 77and 298 K, is
not associated with a marked change in mechanical responses
when strain rate changes from 10�4e100 s�1. In contrast, increasing
the strain rate to 3000 s�1 raises strain-hardening rate over the
same temperature range. Furthermore, the concavity of stresse-
strain curve, in particular in the PD, is reduced during loading under
the high strain rate (3000 s�1) deformation. In addition, occurrence
of maximum strain hardening rate shifts to the lower strains. These
described characteristics are at maximum intensity during the
cryogenic loading at 3000 s�1. As it is observed, the material
toughness increases drastically under this loading condition. More
information about effects of cryogenic temperatures on ductility
and toughness can be found in Refs. [42,43].

The negligible difference in the mechanical behavior between
10�4 and 100 s�1 becomes pronounced when temperature is
increased to 423 K. Even though room temperature stressestrain
curves in the PD and TD feature s-shape strain hardening,
decreasing the strain rate to 10�4 s�1 at 423 K does not show this
characteristic. Twinning-induced plastic deformation is featured by
the s-shape strain hardening curve, however, absence of this
characteristic is not necessarily indication of suppression of twin-
ning and considerations of texture evolution should be taken into
Fig. 6. Compression stressestrain curves of 4P-ECAPed AZ31 at different temperatures
and strain rates in the (a) PD and (b) TD.
account. The significant mechanical anisotropy observed at room
temperature or even at high temperature under high strain rates is
diminished during the deformation at 423 K under the strain rate of
10�4 s�1.

Strain rate and temperature sensitivity of the ECAPedmaterial in
different directions can be better depicted in Fig.7. Variations in
yield strength and maximum stress at investigated temperatures
and strain rates are shown in this figure. There is no appreciable
change in both yield stress and maximum stress in the PD and TD
with changes in strain rate at low temperatures. However, with
increasing the temperature to 423 K both yield stress and
maximum stress show a noticeable dependency on strain rate. The
increase in flow stress with strain rate is more pronounced over the
10�4e10�2 s�1 range.
3.3. Texture evolution

Fig.8 shows the loading direction inverse pole figure for
extruded and 4P-ECAPed AZ31at plastic strain of 0.055 in
compression along the PD. It is evident that both materials have
undergone crystal reorientation, though in different fashions. The
majority of grain volume has twinned in extruded AZ31 (dashed
versus solid rectangles in Fig. 8a), i.e. crystal reorientation due to
twinning in extruded AZ31 is a sudden change such that twomodes
of crystal orientation are distinguished; a small volume of grains
which still preserve the initial orientation (solid rectangle) and the
majority of grains which have already twinned (dashed rectangle).
The twinned grains have their basal planes f0001g almost normal
to the loading direction. On the other hand, crystal reorientation
due to twinning takes place at a much slower rate in 4P-ECAPed
AZ31 (Fig. 8b) so that at the same level of plastic strain (~0.055), a
more uniform distribution of crystallographic planes with respect
to the loading direction is observed. The dominant texture
component in this condition isf�2 � 3g.

SF maps calculated for ð1102Þ½1101� twin variants and basal <a>
slip explain the difference in crystal reorientation due to twinning
in the extruded and ECAPed materials. The calculation of SF for the
hexagonal crystal structure is more complicated and less straight-
forward than cubic materials [29,30]. The method used for calcu-
lation of SF in this study has been explained in more details in Ref.
[44]. Here, we only present the final form of the equation for
compressive loadings:

m ¼ � u1u2 þ v1v2 þ t1t2 þ l2w1w2�
u21 þ v21 þ t21 þ l2w2

1

�0:5�
u22 þ v22 þ t22 þ l2w2

2

�0:5

� h1u2 þ k1v2 þ i1t2 þ l1w2�
h21 þ k21 þ i21 þ l�2l21

�0:5�
u22 þ v22 þ t22 þ l2w2

2

�0:5 (1)

The first and second terms in this expression are the cosine of
the angle between the slip direction ½u1v1t1w1� and the loading axis
½u2v2t2w2� and cosine of the angle between normal to slip
plane½h1k1i1l1� and the loading axis½u2v2t2w2�, respectively. Also,
l2 ¼ 2 =3

�
c=a

�2
. The negative sign is representative of compressive

loadings. In case of tension loading, the negative sign will be
replaced by a positive.

In general, the SF varies in the range of �0.5 to 0.5. A change in
the sign of SF implies a change in the direction of the resolved shear
stress on the slip plane along the slip direction. As it wasmentioned
before, due to the polar nature of twinning, if a shear direction
favors occurrence of twinning, shear in the opposite direction does
not result in twin formation. For example, in this study only loading
directions associated with positive SF values are able to activate
extension twinning. In the SF map shown in Fig.9 only constant SF



Fig. 7. Variations of yield stress and maximum stress with strain rates at different temperatures for 4P-ECAPed AZ31 in (a) PD and (b) TD. Standard deviation is based on three
different measurements.

Fig. 8. Loading direction inverse pole figures showing texture evolution after 0.055 compressive strain in (a) extruded AZ31 along the ED and (b) 4P-ECAPed AZ31 along the PD.
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Fig. 9. Calculated Schmid Factor maps for both twinning and basal <a> slip. Shear planes and directions are highlighted. Note that the calculated maps are based on slip or twin
variants with the maximum SF.
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contours resulting in the activation of extension twinning (positive
SF values) under uniaxial compression are shown. Comparing the
SF maps for the different mechanisms shows that loading di-
rections with high SF for twinning are less capable of creating
deformation through basal <a> slip considering the latter has its
minimum SFs overlapped with these directions. As it is observed,
unlike extruded magnesium in which the majority of grains are in
orientations with high SF values for twinning, in the ECAPed ma-
terial only a small fraction of grains offer the favorable orientation
for twinning. Therefore, in the ECAPed material, only grains with
high SF values have been reoriented due to twinning resulting in
increased density of grains withf0001g planes normal to the
loading direction. On the other hand, according to the obtained SF
map for basal <a> and prismatic <a> slips, there are more chances
for these mechanisms to accommodate plastic deformation in the
ECAPed material compared with the extruded one since there is a
higher concentration of grains with high SF values. These results
are in agreement with the VPSC simulation (Fig. 4) where the
reduced activity of twinning in comparison to basal <a> slip is
predicted in the ECAPed material.

Loading in the extreme condition, i.e. high temperature dynamic
loading does not affect the twinning response in extruded AZ31
(Fig. 10a). For a smaller plastic strain (~0.035), the extruded mate-
rial still shows two distinct orientations of parent matrix and
twinned volume. Also, ECAPed magnesium still shows the gradual
reorientation of crystals with plastic strain, however, there is some
evidence of twinned grains marked by the dashed circle in Fig. 10b.
Even though increasing the temperature accelerates dislocation
Fig. 10. Loading direction inverse pole figures showing texture evolution after some comp
different strain rates. The dashed circle indicates the occurrence of twins.
recovery and, in turn, allows more deformation to be accommo-
dated by slip mechanisms, the high rate of deformation at 3000 s�1

precedes the kinetic of the recovery process. Hence, this allows for
more possibilities to twinning to contribute to deformation in
contrast to quasi-static loading. On the other hand, decreasing the
strain rate to 10�4 s�1 provides enough time for dislocation re-
covery and thus, higher capacity for slip mechanisms to accom-
modate plastic deformation. In spite of this fact, twinning in
extruded AZ31plays a major role in deformation at high tempera-
ture slow rate loading (Fig.10c). As it is shown in Fig.10c, significant
crystal reorientation in the extruded material under high temper-
ature slow rate loading is still detected, however, its intensity and
extent is noticeably lower than that at room temperature (Fig. 10c).
Measured texture of ECAPedmaterial under high temperature slow
rate deformation (423 K-10�4 s�1) still suggests occurrence of
twinning (Fig. 10d). On the other hand, the obtained stressestrain
curve under this loading condition does not show the typical
characteristic of twinning-dominated plastic deformation which is
the s-shape hardening (Fig. 6). As mentioned before, the SF maps
(Fig. 9) predict the higher activity of twinning and prismatic slip
than basal slip in the ECAPed material as the crystal orientation is
more favorable for thesemechanisms. However, due to high level of
critical resolved shear stress (CRSS) associated with prismatic slip,
this mechanism is less active at room temperature and thus, plastic
deformation is mainly accommodated by basal slip and twinning.
On the other hand, with increasing temperature, the associated
CRSS for prismatic slip decreases and gives a rise to activity of this
mechanism at high temperature. Increased activity of slip
ressive strain in (a,c) extruded and (b,d) ECAPed materials at high temperature and



Fig. 12. Measured lateral strains for the ECAPed material at different directions. The
uncertainty of measurements is “one sigma”.
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mechanisms, in particular non-basal slip, together with higher rate
of dislocation recovery with respect to deformation rate (10�4 s�1)
result in the typical power shape strain hardening under loading at
423 K and 10�4 s�1 even though twinning is still active. Compared
to the high strain rate deformation, the dominant texture under
this condition (423 K e 10�4 s�1), is more shifted to the planes
parallel to basal planes. This shift in maximum intensity could be
result of rotation of crystals due to the slip of dislocation or profuse
grain-boundary sliding at high temperature.

Texture evolution during loading in the direction perpendicular
to the extrusion/pressing direction in both extruded and ECAPed
AZ31 were also studied. Loading along ND in the ECAPed material
might not be associated with twin formation as almost all of the
grains in this direction present negative SF values which is the
unfavorable orientation for twinning (Fig. 11). Loading in TD sub-
jects a higher portion of grains with positive SF to extension
twinning, although the grains in the latter case are not necessarily
oriented towards the maximum SF. This clarifies why the stresse-
strain curve in ND (Fig.5) almost presents a typical power curve
while loading in TD is associated with an s-shape strain hardening.
Texture evolution during high temperature dynamic loading in TD
reveals the same characteristics (Fig. 11), i.e. crystal reorientation
due to twinning, however, with a stronger texture compared to
quasi-static deformation at room temperature. It should be
mentioned that this study only took the effects texture and crystal
reorientation on plastic deformation. A conclusive discussion on
roles of different deformation mechanisms on plasticity can be
made when effects of dislocation structure and density are taken
into account that requires more sophisticated characterization
methods [45].

3.4. Biaxial anisotropy

Biaxial anisotropy as the ratio of maximum lateral strain to the
minimum value was also investigated in the ECAPed material. An
oval cross section is indicative of anisotropy in plastic deformation.
In other words, an isotropic material would maintain its circular
cross section during deformation assuming ideal lubrication [46].
During the compression loading, test was interrupted at specific
intermediate strains and measurements in transverse directions
were carried out. Variations of maximum lateral strain versus
minimum lateral strain for the ECAPed samples in different loading
directions are shown in Fig.12. In case of an isotropic material, the
Fig. 11. Loading direction inverse pole figures showing texture evolution after some compr
black line represents the SF ¼ 0 orientations.
slope of this curve should be close to unity. The maximum anisot-
ropy is observed when the loading direction is perpendicular to the
pressing direction, i.e., TD. In case of loading in ND, there is almost
no biaxial anisotropy as the slope of the curve is close to one and
the curve for loading in PD lies between these two conditions. The
difference in anisotropic behavior is the result of different defor-
mation mechanisms in different directions. For example, the TD
sample has the most favorable crystal orientations for the occur-
rence of twinning. However, the distribution of grain orientations
with respect to the loading direction is not axi-symmetric, and a
large degree of non-uniformity in lateral deformation is expected.
essive strain in the perpendicular directions for the 4P-ECAPed material. Note that the



F. Kabirian et al. / Journal of Alloys and Compounds 673 (2016) 327e335 335
Anisotropic deformation is more pronounced in the 2P-ECAPed
sample since grain orientations are more favorable for occurrence
of twinning. Unlike the TD sample the ND sample does not exhibit
substantial twinning due to the large fractions of grains with their
c-axis almost parallel to the loading direction especially in the case
of the 2P-ECAPed sample. In this case, non basal<c þ a> slip
mechanisms control the plastic deformation and since the crystals
orientation is symmetric with respect to the loading direction
lateral deformation occurs uniformly.

4. Conclusions

Mechanical responses and texture evolution of the ECAPed AZ31
magnesium alloy under a wide range of temperature (77 Ke423 K)
and strain rate (10�4 s�1e3000 s�1) were studied. Uniaxial
compression experimentwas conducted parallel and perpendicular
to the pressing direction.

Calculated SF maps together with VPSC results were also
employed to explain the difference in deformation behavior of
extruded and ECAPed materials. Twinning deformation and basal
slip were found as the dominant mechanisms in plastic yielding of
extruded and ECAPed materials, respectively. Strain hardening
response in ECAPed AZ31 shows a strong dependency on strain rate
and temperature in both PD and ND. At the same strain rate,
hardening due to twinning became more pronounced with
decreasing the testing temperature to 77 K while a typical power
shape strain hardening response at the highest temperature (423 K)
and lowest strain rate (10�4 s�1) was observed. Even though s-
shape strain hardening was absent under the later loading condi-
tion, texture measurement still revealed crystal reorientation due
to twinning implying that the absence is not necessarily indicative
of suppression of twinning. In other words, due to higher activity of
non-basal slip system at high temperatures in addition to the ki-
netic of dislocation-recovery rate with respect to strain rate, the
significant strain hardening due to twinning does not occur
anymore. In contrast, loading at a high strain rate (~3000 s�1)
resulted in occurrence of maximum strain hardening rate at smaller
strains.

5. Disclaimer

Certain commercial firms and trade names are identified in this
report in order to specify aspects of the experimental procedure
adequately. Such identification is not intended to imply recom-
mendation or endorsement by the National Institute of Standards
and Technology, nor is it intended to imply that the materials or
equipment identified are necessarily the best available for the
purpose.
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