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a b s t r a c t

The objective of this study is the investigation of the effect of temperature of equal channel angular
pressing (ECAP) on the microstructure, texture and mechanical properties of AX41 magnesium alloy.
ECAP processing was performed at temperatures of 220 �C and 250 �C up to 8 passes via route Bc. It was
found that during ECAP processing at 250 �C a smaller number of passes was enough to achieve a ho-
mogeneous microstructure than at 220 �C. However, the final grain size obtained after 8 passes at 250 �C
was only 4 mm which is larger than the value of 2.7 mm achieved at 220 �C. Moreover, a significant in-
fluence of the temperature of ECAP processing on the dislocation density and the crystallographic texture
was observed. The proof stress of the sample processed by 8 passes at 250 �C was lower than that ob-
tained at 220 �C. It can be attributed to the lower dislocation density, the larger grain size and the texture,
which facilitates the basal slip.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Current use of magnesium alloys is mainly based on Mg-Al al-
loys due to their excellent castability, corrosion resistance and good
mechanical properties (combination of enhanced strength and
ductility) at room temperature (RT). As magnesium alloys generally
suffer from poor creep resistance and strength at temperatures
above 120 �C, their use in automotive powertrain applications,
particularly for producing engine parts or transmission cases is still
limited.

In order to improve mechanical properties at elevated temper-
atures several new Mg-Al die cast alloys based on rare earth, cal-
cium or silicon additions were developed [1e4]. The enhanced
creep strength of these alloys is caused by the formation of new,
thermally stable intermetallic phases. By addition of Ca, as the
cheaper and lighter counterpart to the rare earth metals, the new
ternary magnesium alloys of AX (Mg-Al-Ca) series were developed.
of Mathematics and Physics,

(T. Kraj�n�ak).
These materials exhibit improved high temperature strength and
creep resistance due to the formation of heat resistant Mg2Ca and
Al2Ca precipitates [5e7].

The poor formability and low ductility of magnesium alloys at
RT, caused by their hexagonal close-packed (HCP) crystal structure,
further limits their practical applications. Microstructural refine-
ment obtained by severe plastic deformation (SPD) was found to be
beneficial for increasing both ductility and strength of magnesium
alloys. Equal channel angular pressing (ECAP) [8] is considered as
the most popular SPD technique for producing of bulk ultrafine-
grained materials. In this technique the material is severely
deformed by repetitive pressing through a die consisting of two
intersecting channels of the same cross section. In addition to
substantial grain refinement, ECAP processing of Mg alloys usually
yields a development of a strong texture, which significantly in-
fluences the ductility, the proof stress and the tensile strength of
materials [9,10]. It is well known, that the texture strongly depends
on the deformation route which is characterized by the angle and
direction of sample rotation between consecutive passes [11].
However, the knowledge about the influence of ECAP processing
temperature on the evolution of microstructure and texture in Mg
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alloys is still limited [12]. Furthermore, only a small number of
papers has been published about the properties of ultrafine-
grained Mg-Al-Ca alloys. Some of them describe the microstruc-
ture, texture and mechanical properties of AZ31 magnesium alloy
with 1 wt% Ca addition processed by hot extrusion and high-ratio
differential speed rolling (HRDSR) [13,14]. In the present paper,
we focus on the difference between the microstructures developed
in extruded AX41 magnesium alloy processed by ECAP at temper-
atures of 220 �C and 250 �C. Particular attention is paid to the
evolution of texture during ECAP processing. The behavior of the
materials under uniaxial loading at RT is discussed on the basis of
the microstructural characterization performed by electron back-
scatter diffraction (EBSD) and X-ray line profile analysis.

2. Experimental procedures

Commercial AX41 magnesium alloy (Mg - 4 wt% Al - 1 wt% Ca)
was processed by the combination of hot extrusion and ECAP.
Extrusion was performed at 350 �C and a speed of 60 mm/min,
employing extrusion ratio (ER) of 19:1. ECAP processing was con-
ducted at temperatures of 220 �C and 250 �C using a pressing ve-
locity of 20 mm/min via route Bc, i.e., the samples were rotated by
90� in the same direction between consecutive passes. Billets with
the length of 100 mmwere pressed through a die with an internal
channel angle of 90� and a cross section of 10 � 10 mm2. Prior to
each pass, the samples were preheated inside the incoming ECAP
channel for 5 min. After each pass, the specimens were quenched
into water. The ECAP processing was carried out by 1, 2, 4 and 8
passes. The samples were labeled according to the number of the
applied ECAP passes and the temperature of processing. For
instance, the specimen processed by 4 passes at 220 �C is labeled as
4P-220.

The characterization of the microstructure of the ECAP pro-
cessed materials was carried out on the cross sections of the
specimens (plane X) [15] lying perpendicular to the pressing di-
rection by EBSD and X-ray line profile analysis. Prior to the mea-
surements, the samples were polished to a mirror like surface
quality using diamond suspensions. The finest suspension con-
tained particles with the size of 250 nm. For EBSD investigations,
the mechanically polished surface was ion milled using a Gatan
PIPS™ ion mill at 2 kV and an incidence angle of 4�. For X-ray
diffraction experiments, the mechanically polished surface was
etched by a solution of 10 ml acetic acid, 4.2 g picric acid, 10 ml H2O
and 70 ml of ethanol for 20 s. The microstructure was examined by
a Quanta FEG scanning electron microscope operated at 10 kV. The
investigated area was 300 � 250 mm2 and 100 � 100 mm2 with the
step size of 300 nm and 100 nm for the extruded and the ECAP
processed samples, respectively. For X-ray line profile analysis, the
diffraction patterns were measured by a high-resolution rotating
anode diffractometer (type: RA-MultiMax9, manufacturer: Rigaku)
using CuKa1 (wavelength: l ¼ 0.15406 nm) radiation. The X-ray
diffraction patterns, covering a diffraction angle range between 30
and 135�, were evaluated by Convolutional Multiple Whole Profile
(CMWP) fitting method [16].

The mechanical properties were studied by uniaxial tension at
RT and a constant strain rate of 10�4 s�1. Dog bone shaped tensile
specimens were machined according to ISO 527-2-5B and
deformed by a universal Instron 5882 testing machine. The loading
axis was parallel to the pressing direction of the last ECAP pass.

3. Experimental results

3.1. Microstructure from EBSD

The EBSD images in Fig. 1 reveal that the microstructure of the
extruded alloy (EX) is homogeneous and consists of equiaxed grains
with an average grain size of about 10 mm. The extruded sample
exhibits a
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fiber texture (see Fig. 1c) which is typical for

magnesium alloys processed by hot extrusion.
The EBSD images in Fig. 2 illustrate the refinement of the

microstructure with increasing number of ECAP passes at 220 and
250 �C. At 220 �C, a gradual refinement of the microstructure was
observed up to 4 passes, resulting in a very fine and homogeneous
microstructure consisting of equiaxed grains. In contrast, at 250 �C
fully refined homogeneous microstructure is formed even after 2
passes. After 4 passes a grain growth was observed and the
microstructure remained almost unchanged during further pro-
cessing (up to 8 passes). As a result, the microstructure of sample
8P-250 is coarser than that of the sample 8P-220.

The evolution of the mean grain size (determined as the area-
weighted mean grain size from the EBSD images) and the fraction
of high-angle grain boundaries (HAGBs), having misorientations
higher than 15�, with increasing number of ECAP passes (N) are
plotted in Fig. 3. The mean grain size gradually decreases up to the
fourth and the second passes at 220 �C and 250 �C, respectively (see
Fig. 3a). Further processing at 250 �C leads to a slight increase of the
grain size to the value of 4.0 mm (sample 8P-250) while at 220 �C
the grain size saturates at 2.7 mm (sample 8P-220). The fraction of
HAGBs at 220 �C gradually increases with increasing N and satu-
rates after 4 passes at the value of 82%. The same fraction of HAGBs
was obtained even after 2 passes at 250 �C; however, after 8 passes
its value drops to 70%.

3.2. Texture evolution determined by EBSD

The evolution of texture with increasing number of ECAP passes
is described by a series of (0001) EBSD pole figures (see Fig. 4). The
pole figures are orientated according to the orthogonal sample
coordinate system shown in Fig. 5, where the x-axis is parallel to
the pressing or extrusion direction.

After the first ECAP pass at 220 �C the fiber texture developed
during extrusion is transformed into two strong texture com-
ponents. One texture component, denoted as A, corresponds to
the case when the basal planes are lying parallel to plane Z. In the
second texture component (denoted as B) the basal planes are
tilted by approximately 45� to the pressing direction (x-axis), i.e.,
the basal planes are parallel to the plane of the ECAP die channel
intersection. From the second pass, both texture components
were preserved; however, component B is additionally tilted
roughly by 40� towards the y-axis. At 250 �C qualitatively similar
texture evolution was observed, however after 8 passes the in-
tensity of texture component B increases at the expense of
texture component A. Thus, in 8P-250 sample the texture
component B becomes dominant. For completeness of the
texture investigation, the EBSD
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pole figures for the

samples processed by 8 passes at 220 and 250 �C are plotted in
Fig. 6. The majority of prismatic planes is tilted by 45� towards
the z-axis and simultaneously rotated randomly around the
crystallographic c-axis in both samples. The validity of EBSD
texture observation in 8P-220 sample was confirmed by X-ray
diffraction measurement in a recently published paper by Kraj-
nak et al. [17].

3.3. Microstructure study by X-ray line profile analysis

X-ray diffraction (XRD) analysis was performed in order to
determine the phase compositions in the extruded and ECAP pro-
cessed alloys. Fig. 7a shows an XRD pattern for the extruded sample
(EX) which indicates that the microstructure before ECAP consists
of a magnesium matrix and a eutectic Al2Ca Laves phase, similarly



Fig. 1. EBSD inverse pole figure maps for (a) the cross and (b) the longitudinal sections of the extruded sample. (0001) and
�
1010

�
pole figures obtained on the cross section are

shown in (c).
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to the as-cast state [5]. On the other hand, ECAP processing at both
temperatures of 220 and 250 �C resulted in the formation of an
additional Mg17Al12 phase, as shown in Fig. 7b. The XRD patterns
for the samples ECAP processed at 250 �C are similar to those ob-
tained at 220 �C, therefore they are not presented here. The relative
intensities of the peaks varied with increasing number of passes
due to the change of the texture and the fractions of the different
phases. After ECAP processing by the highest number of passes (8P),
no difference in the fraction of Mg17Al12 phase was observed for the
two temperatures. In order to check the role of ECAP in the pre-
cipitation of Mg17Al12 phase, additional extruded samples were
simply annealed at 220 and 250 �C for 20 min which is the
approximate time of ECAP processing by 2 passes. As an example,
the XRD pattern for the extruded specimen annealed at 220 �C for
20 min (EX-annealed) is shown in Fig. 7a. The XRD pattern of the
extruded sample annealed at 250 �C for 20 min is not presented, as
it is similar to that obtained after annealing at 220 �C. Peaks of
Mg17Al12 phase were not observed in the simply annealed samples,
which proves the significant role of ECAP straining in the devel-
opment of these precipitates.

The dislocation density (r) as well as the median (m) and the
log-normal variance (s2) of the log-normal crystallite size distri-
bution function were obtained from the CMWP fitting of the
diffraction patterns. Furthermore, the area-weighted mean crys-
tallite size (<x>area - i.e. the size of coherently scattering domains)
was calculated as [16]:

〈x〉area ¼ m� exp
�
2:5s2

�
: (1)

The dislocation density (r) and the area-weighted mean crys-
tallite size as a function of ECAP passes are plotted in Fig. 8. The
crystallite size and the dislocation density for the extruded sample
(N ¼ 0) were above and below the detection limits of the present
XRD line profile analysis method (d > 1 mm, r < 1013 m�2). In Fig. 8,
these respective limits were plotted for the extruded specimen
(N ¼ 0).

The evolution of the dislocation density with increasing
number of ECAP passes is similar for both processing tempera-
tures. However, at the lower temperature (220 �C) an approxi-
mately two times higher dislocation density was observed, cf.
Fig. 8a. Even after the first pass of ECAP the dislocation density
considerably increases. During further ECAP straining r decreases
with increasing number of passes and reaches minimum values of
~0.7 � 1014 m�2 and ~0.4 � 1014 m�2 for samples 8P-220 and 8P-
250, respectively. The reduction of the dislocation density from
the second pass at both processing temperatures can be explained
by the dynamic recovery and dynamic recrystallization [18]. At
both temperatures the area-weighted mean crystallite size
significantly decreases after 1 pass of ECAP to the value of
~200 nm and slightly increases after the second pass. After 4
passes at 250 �C, the crystallite size rapidly increases as a result of
dynamic recovery and simultaneous coarsening of the micro-
structure; however, after 8 passes a similar value as for 250 �C was
observed. The simultaneous decrease of the crystallite size and
the fraction of high-angle grain boundaries between 4 and 8 ECAP
passes at 250 �C suggest that the dislocations inside the grains
were arranged into cell boundaries or walls, while the dislocation
density remained unchanged. It should be noted, however, that
the grain size determined by EBSD differs from the crystallite size,
as the latter is equivalent to the size of coherently scattering do-
mains and corresponds to dislocations cells or subgrains in SPD-
processed metallic materials.



Fig. 2. EBSD inverse pole figure maps obtained on the cross sections of the samples
processed by ECAP for different numbers of passes at 220 �C (left column) and 250 �C
(right column).
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Post-mortem analysis of the distribution of dislocations in the
particular slip systems in the ECAP processed samples was esti-
mated by the comparison of the experimentally determined
dislocation contrast factors with the theoretical values, using the
procedure described in detail in Ref. [19]. As the dislocation
Fig. 3. The dependence of (a) the mean grain size and (b) the fraction
contrast factors of X-ray diffraction peaks for prismatic edge (PrE)
and pyramidal edge (PyE) dislocations in <a>-type slip system
family are close to each other [20], only the sum of their fractions is
presented here. The majority of dislocations (70e90%) in all ECAP
samples have <a>-type Burgers-vector. ECAP processing at 250 �C
leads to a higher activation of basal slip in comparison to the pro-
cessing at 220 �C and after 8 passes the fraction of basal edge (BE)
dislocations is almost 5 times higher at 250 �C than at 220 �C
(Fig. 9a). On the other hand, the fraction of PrE þ PyE <a>-type
dislocations at 250 �C is smaller than at 220 �C for large numbers of
ECAP passes (see Fig. 9b). The fraction of the second order pyra-
midal edge

n
1122

oD
1123

E
<cþa> dislocations (Py2E) strongly

varied as a function of the number of passes and the temperature of
processing, see Fig. 9c. After 8 passes at 250 �C, the fraction of Py2E
dislocations is approximately 4 times smaller in comparison to 8P-
220 sample.

3.4. Room-temperature mechanical behavior obtained by tension

From the room-temperature tensile true stress-true strain
curves the values of the proof stress (the value of true stress at the
plastic strain of 0.2%) and the ductility (the maximum true strain at
the necking of the sample) were evaluated. The evolution of the
proof stress (s0.2) with increasing the number of ECAP passes is
shown in Fig. 10a. At both processing temperatures, a significant
increase of the proof stress after 1 pass is followed by a sharp drop
after 2 passes. At 250 �C the proof stress further decreases up to 8
passes, while at 220 �C the proof stress remains high even after 8
passes. On the other hand, the ductility gradually increases up to 4
passes for both temperatures of processing, see Fig. 10b. The overall
increases in ductility are about 35% and 50% for samples 8P-220 and
8P-250, respectively.

3.5. Calculation of Schmid factors for different slip systems
activated during tension

The values of Schmid factors for uniaxial tension parallel to the
x-axis for f0001g
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basal,
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pyramidal slip systems were calculated from the

EBSD data by software TSL OIM Analysis 7. The values of the
calculated Schmid factors are summarized in Fig. 11. At both pro-
cessing temperatures, the Schmid factor for basal slip (mbasal)
gradually increases with increasing number of ECAP passes (N). For
2e8 passes, the samples processed at 250 �C exhibit higher values
of mbasal in comparison with the specimens deformed by ECAP at
of HAGBs on the number of ECAP passes (N) at 220 and 250 �C.



Fig. 4. EBSD (0001) pole figures for the samples processed by ECAP for different numbers of passes at (a) 220 �C and (b) 250 �C. The extruded sample before ECAP processing is
labeled as 0P. The two main texture components developed during ECAP are denoted by A and B in the pole figure obtained for 1P at 220 �C.

Fig. 5. Schematic representation of the sample coordinate system.
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220 �C. After 8 passes, the overall increases inmbasal are about 180%
and 220% for 220 and 250 �C, respectively, which leads to an easier
activation of basal slip in comparison with the extruded state. The
Schmid factors for the prismatic (mprism) and the second order
pyramidal (mpyram) slip systems decrease with increasing number
of ECAP passes and their values are the same for both processing
temperatures, except for the samples processed by 2 passes. It is
noted that the decrease of the values ofmprism andmpyram (by about
25% after 8 passes) is much lower than the increase of mbasal (by
about 200% after 8 passes).
Fig. 6. EBSD
�
1010

�
pole figures for the sample
4. Discussion

4.1. Microstructure evolution during ECAP performed at 220 and
250 �C

The grain refinement in magnesium alloys due to SPD usually
occurred by the nucleation of fine grains along the preexisting grain
boundaries [21]. The fragmentation of the microstructure during
SPD is strongly influenced by the initial grain size. If the initial grain
size is smaller than a critical value, dc, a homogeneous micro-
structure is formed even after the first pass of ECAP. On the other
hand, for grain sizes larger than dc a bimodal grain structure de-
velops, which gradually transforms to a homogeneous micro-
structure [22]. This critical grain size is between 3 and 9 mm for
AZ31 alloy processed by ECAP at room temperature [22]. In that
alloy, the bimodal grain size distribution developed during 1 pass
disappears after 6 passes. However, the critical grain size depends
on both alloy composition and ECAP conditions (e.g., on the tem-
perature). The present microstructural observations indicate that
the temperature of processing significantly influences the frag-
mentation rate of the microstructure in extruded AX41 magnesium
alloy. For the processing temperature of 250 �C, a homogeneous
fine-grained microstructure can be observed even after 2 passes,
while for the temperature of 220 �C the microstructure becomes
s processed by 8 passes at 220 and 250 �C.



Fig. 7. (a) X-ray diffraction patterns of the extruded specimen (denoted as EX) and the sample extruded and then annealed at 220 �C for 20 min (denoted as EX-annealed). (b) X-ray
diffractograms of the samples processed by ECAP by different passes at 220 �C.
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homogeneous only after 4 passes. Due to the higher temperature of
processing, the value of critical grain size increases and the ho-
mogeneous microstructure is achieved at lower number of passes.
In other words, the overall fraction of dynamically recrystallized
microstructure is influenced by the temperature of processing. This
observation is consistent with the result of Beer et al. [23], who
showed that the higher the temperature of hot compression is, the
larger is the dynamically recrystallized volume in wrought AZ31
alloy. Similarly, Lin et al. [24] revealed that in ZA85 magnesium
alloy the degree of dynamic recrystallization increased with
increasing ECAP temperature as the microstructures obtained after
4 ECAP passes at 220 and 250 �C were more uniform than that
developed at 180 �C.

This study demonstrates that ECAP processing at lower tem-
perature results in a smaller average grain size, which is consistent
with the observations of former studies [25,26]. Generally, the high
stresses at the pre-existing grain boundaries result in a simulta-
neous activation of basal and non-basal slip systems which is
necessary for the nucleation of new grains along the original grain
boundaries [27]. The non-basal <a>-type dislocations have higher
probability to lock each other and form dislocation tangles,
Fig. 8. Dependence of (a) the dislocation density and (b) the crys
compared to the basal ones. Thus, the higher fraction of non-basal
dislocations (prismatic (PrE) and pyramidal (PyE) <a>-type dislo-
cations) during 4 and 8 ECAP passes at 220 �C compared to 250 �C
(see Fig. 9) increased the probability of new grain nucleation and
facilitated the grain refinement at 220 �C [28]. Furthermore,
coarsening of microstructure in 4P-250 sample can be explained by
the reduced fraction of non-basal dislocations between 2 and 4
passes at 250 �C, which inhibits the nucleation of new grains and
thus the high-temperature grain growth becomes dominant. The
higher rate of recovery and recrystallization processes at the higher
temperature most probably also contribute to the larger grain size
achieved by ECAP processing at 250 �C.

In addition to the continuous refinement of the microstructure,
a development of texture components A and B was also observed
with increasing numbers of passes. The relative intensities of these
two components were different at 220 and 250 �C. One basic
mechanism of texture formation in magnesium alloys during ECAP
is the rotation of the slip plane of prevailing slip system parallel to
the theoretical shearing plane activated during ECAP. A detailed
explanation of texture formation in AX41 magnesium alloy pro-
cessed by different routes of ECAP was published recently in
tallite size on the number of ECAP passes at 220 and 250 �C.



Fig. 9. The dependence of (a) the fraction of basal edge (BE) dislocations, (b) the sum of the fractions of prismatic (PrE) and pyramidal (PyE) <a>-type edge dislocations and (c) the
fraction of the second order pyramidal edge (Py2E) <cþa> dislocations on the temperature of ECAP and the number of passes.

Fig. 10. Evolution of (a) the room-temperature proof stress and (b) ductility with increasing number of ECAP passes (N) at 220 and 250 �C.
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Ref. [17]. The formation of texture component A is controlled by
twinning, which occurs already in the feed-in channel, followed by
the activation of the second order pyramidal slip system. This
preserves the pyramidal planes f1122g oriented parallel to the
ECAP shearing plane. Moreover, the formation of texture compo-
nent B is based on the activation of basal slip system, which causes
the rotation of the (0001) basal planes parallel to the theoretical
shearing plane of ECAP [29].

The post-mortem analysis of the Burgers vector population by
X-ray line profile analysis showed that in all ECAP-processed
samples the prismatic (PrE) and pyramidal (PyE) edge disloca-
tions have the highest population (see Fig. 9), while the formation
of texture component B required high activation of basal slip. This
apparent discrepancy can be explained by the difference between
the dislocations being active and stored during ECAP-processing. A
fraction of active dislocations gliding through the grains may
annihilate at grain boundaries and therefore do not contribute to
the measured dislocation slip system population [30]. It is noted



Fig. 11. The dependence of Schmid factors for (a) basal <a> slip, (b) prismatic <a> slip and (c) second order pyramidal <cþa> slip on the number of ECAP passes at 220 and 250 �C.
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that the influence of ECAP temperature on the texture was also
investigated formerly in pure magnesium processed via route A up
to 8 passes [12]. It was found that with increasing temperature the
intensity of the fibre texture component related to the activation of
pyramidal <cþa>
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slip system gradually increased

and at 200 �C its intensity was higher than the intensity of the fibre
texture component associated with the slip of basal f0001g
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dislocations. On the other hand, a texture investigation in hot-
extruded AZ31 processed by 4 passes via route Bc at 250 �C
revealed the dominance of texture component B [11].

The higher temperature of plastic deformation usually yields a
higher activation of <cþa> dislocations in polycrystalline samples
with random crystallographic orientation. However, in our case the
specimens processed by ECAP at two different temperatures exhibit
different textures which influence the temperature dependence of
the activation of basal and non-basal dislocations. Fig.11 shows that
due to the difference in texture the Schmid factor for basal slip is
larger for 250 �C than 220 �C for N>1. Therefore, the basal slip is
easier in specimens processed at 250 �C than at 220 �C. The higher
activation of basal slip is consistent with the larger fraction of basal
dislocations for 250 �C, as shown in Fig. 9a. It should be noted,
however, that the fractions of the different types of dislocations
obtained by X-ray line profile analysis reflect only the dislocation
structure remained in the sample after ECAP processing and not the
activities of the different slip systems. Although the activities of the
different slip systems during ECAP certainly influence the fractions
of the different dislocation types measured after deformation, they
should not match exactly. For instance, the different annihilation
rates of the various types of dislocations also have an effect on the
populations of the slip systems. Indeed, Fig. 8 shows that for ECAP
passes higher than 1 the dislocation density decreased due to the
strongly active annihilation processes at the high temperatures of
ECAP (at 220 and 250 �C). This observation suggests that the
annihilation has an important role in the adjustment of the frac-
tions of the different dislocation types observed after ECAP. Most
probably, the annihilation of <cþa> dislocations is easier than <a>
dislocations as the former dislocations have higher energy due to
their longer Burgers vector. Therefore, the relative fraction of
<cþa> dislocations measured after ECAP may be much lower than
that estimated from their activity. The different annihilation rates of
basal and non-basal dislocations, and the texture formation can
explain the lower fraction of <cþa> dislocations for ECAP pro-
cessing at 250 �C compared to processing at 220 �C.

In addition to the grain refinement and the texture evolution,
the formation of Mg17Al12 precipitates was also observed even after
the first pass of ECAP (which takes about 10min) at both processing
temperatures. Such rapid precipitation can be attributed to the
combined effect of the elevated temperature and the severe
straining during ECAP. This assumption was confirmed by anneal-
ing the extruded sample for 20 min at both temperatures, which
did not result in the formation of Mg17Al12 phase (see Fig. 7a).
Whereas, strain induced dynamic precipitation (SIDP) was widely
observed in steel and Al alloys [31,32], its occurrence in Mg alloys
was reported only rarely. For instance, SIDP of Mg17Al12 phase was
observed inside dynamically recrystallized (DRXed) grains formed
during hot rolling in an extruded Mg-8Al alloy [33]. According to
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the Xia et al. [34], the high densities of dislocations and vacancies
formed during hot deformation enable a fast diffusion of alloying
elements, which may cause a non-equilibration segregation of so-
lute atoms. DRXed regions may become favorable sites for precip-
itation because these regions contain huge numbers of grain
boundaries and vacancies which promote precipitation.

It should also be noted that Al2Ca precipitates present already in
the extruded state together with Mg17Al12 precipitates formed
during ECAP processing can act as recrystallization nucleation sites,
and therefore effectively increase the fragmentation rate of the
microstructure during SPD. In addition, precipitates may have a
pinning effect on grain boundaries, thereby impeding grain growth
during high temperature ECAP processing. Such promoting effect of
precipitates on grain refinement was observed by Minarik et al.
[35]. It was reported that AE42 magnesium alloy with almost two
times higher fraction of Al11RE3 precipitates as compared to AE21
alloy exhibited higher fragmentation rate of the microstructure
during the early stage of ECAP processing, even if a similar average
grain size of 1.5 mm was obtained after 8 passes in both alloys.

4.2. Correlation between the microstructure and the mechanical
performance

The tensile tests showed that the temperature of processing
significantly influences the room-temperature proof stress (see
Fig. 10a). ECAP processing at 250 �C leads to lower values of proof
stress for all numbers of passes compared to 220 �C, mainly due to
the lower dislocation density and/or the larger grain size. Moreover,
the proof stress decreases due to ECAP processing at 250 �C as
compared to the extruded state, despite the increase of the dislo-
cation density and the decrease of the grain size. This softening can
be attributed to the change of the texture during ECAP which yields
an increase of the basal Schmid factor (see Fig. 11a), i.e., the basal
slip becomes easier. During ECAP processing at 220 �C, the increase
of the basal Schmid factor is smaller, therefore the reduction of the
grain size and the increase of the dislocation density can cause a
moderate hardening due to ECAP (see Fig. 10a). A former study on
an ultrafine-grained ZM21 alloy processed by a two-stage ECAP at
200 �C and 150 �C also revealed that the development of a partic-
ular texture may result in a decrease in the room-temperature
proof stress [36].

5. Conclusions

The evolution of the microstructure, texture and mechanical
properties of extruded AX41magnesium alloy was investigated as a
function of ECAP passes (up to 8) at two different processing
temperatures of 220 and 250 �C. The following conclusions were
drawn:

� The processing temperature significantly influenced the frag-
mentation rate of microstructure. A homogeneous grain struc-
ture was obtained even after 2 passes of ECAP at 250 �C while
the homogeneous microstructure developed only after 4 passes
for the processing temperature of 220 �C. The smallest average
grain size with the value of ~2.7 mmwas achieved after 8 passes
at 220 �C. On the other hand, for specimen processed by 8 passes
at 250 �C the grain size was ~4 mm.

� The higher processing temperature of 250 �C led to a lower
dislocation density with the value of ~0.4 � 1014 m�2 after 8
ECAP passes while the dislocation density was ~0.7 � 1014 m�2

for 220 �C. After 8 passes, a similar crystallite size of about
300 nm was achieved at both processing temperatures.

� The textures formed after 8 passes were significantly influenced
by the temperature of processing. At 220 �C the

D
1010

E
fiber
texture originating from the extrusion is transformed into two
strong texture components, denoted as A and B. Processing at
250 �C caused weakening of texture component A at the benefit
of component B, which resulted in a higher Schmid factor for
basal slip between 2 and 8 ECAP passes.

� Processing by 8 passes at 220 �C led to a higher value of the
room-temperature proof stress compared to the sample
deformed by ECAP at 250 �C. This difference can be explained by
the smaller average grain size, the higher density of dislocations
and the specific texture, which is less favorable for the activation
of basal slip. After 8 passes at both temperatures a significant
increase in ductility was observed.
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