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ABSTRACT
The microstructure, texture development and mechanical properties of AZ31 magnesium alloy sheets
processed by equal channel angular pressing (ECAP) were investigated in this work. The results were correlated
with the forming behavior at room temperature after single ECAP pass at different processing temperatures. A
novel tool was developed for the implementation of ECAP to deform sheets with dimension of
200 × 200 × 1.8 mm3. ECAP trials were carried out successfully at three temperatures of 175, 200 and 225 °C
using a channel angle of 130°. After the ECAP process, significant grain refinement and texture changes
occurred in the AZ31 sheets. In particular, dynamic recrystallization was observed in the ECAPed sheets at
225 °C. The tensile tests at room temperature showed that uniform elongation along the pressing direction (PD)
increased with increasing processing temperature. The highest uniform strain at room temperature was 17.6% in
the ECAPed sheet at 225 °C. Forming tests of a U-channel section at room temperature revealed that the drawing
depth of the ECAPed sheet at 225 °C was improved by more than 50% as compared with the as-rolled condition.
Keywords: ECAP; Magnesium alloy sheet; Microstructure; Texture; Cold formability

1. Introduction
The low density of magnesium provides high specific mechanical properties such as high specific tensile
strength and buckling resistance. These advantages make attractive Mg alloys to produce lightweight
components particularly in automotive and electronic industries. However, most commercial applications still
utilize components produced by casting. Because of the limited formability at room temperature, the forming
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process of Mg sheets is commonly carried out at elevated temperature of above 200 °C. This warm forming
causes unfavorable efficiency, and hence the poor cold formability is one of the main reasons hindering
industrial applications. This low formability is due to the hexagonal crystal structure and the limited number of
deformation modes available near room temperature (Hantzsche et al., 2010). Typical magnesium wrought
alloys such as Mg-Al-Zn system has a tendency to develop strong crystallographic texture during rolling
(Styczynski et al., 2004). This texture is characterized by a preferred orientation of basal planes in the sheet
plane. The orientation of basal planes parallel to the sheet plane limits the ability of basal <a> slip to
accommodate plastic strain in the sheet plane. Therefore, magnesium sheets exhibit the restricted ductility and
formability and high mechanical anisotropy, especially at room temperature. The forming characteristics of Mg
alloy sheets can be improved by texture softening and grain refinement (Yi et al., 2010). There are some
possibilities to influence microstructure development by means of new alloy systems (e.g. Bohlen et al., 2010)
and thermo-mechanical treatments (e.g. Watanabe et al., 2007).
With respect to thermo-mechanical treatments, equal channel angular pressing (ECAP) (e.g. Furukawa et. al,
1995) or equal channel angular extrusion (ECAE) (e.g. Semiatin et. al, 1995) is a forming process, which can
offer a distinct possibility to reduce the grain size of the material and generate unique textures. As a workpiece is
pressed through a tilted channel, it is primarily deformed by simple shear along the plane of intersection between
the entrance and exit channels (Agnew et al., 2004). Since the entrance and exit channel have an identical cross
section, this process is called as equal channel angular pressing. Mukai et al. (2001) showed a remarkably
enhanced ductility of a commercial AZ31 alloy at room temperature by ECAE. AZ31 alloy exhibited a two-three
times improvement in the tensile elongation after ECAE. Kim et al. (2003) reported that the grain refinement and
texture weakening induced by ECAP improved the ductility of AZ61 Mg alloy bars at room temperature.
Furthermore, Jufu et al. (2010) investigated the effect of processing routes, temperatures and extrusion passes for
ECAE on room temperature mechanical properties of AZ91 alloy and showed high enhancement on tensile
properties. Up to now, the existing studies of the ECAP process are limited to bulk materials (rectangular or
circular bars. As continuous shear deformation process, equal channel angular rolling (ECAR) was proposed and
applied to the fabrication of aluminum alloy (Lee et al., 2002) and steel plate (Park et al. 2004). Cheng et al.
(2008) reported the strip production of AZ31 alloy with an enhanced formability at room temperature using
ECAR. The fracture strain of the ECARed specimen was increased to 33% due to the modified crystal
orientation and grain refinement. However, the existing studies of ECAR are still performed under the limited
process conditions.
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For this reason, before the combination of rolling and ECAP, it is necessary to investigate systematically the
influencing parameters of ECAP. This can provide possibilities to tailor the microstructure and texture of Mg
alloy sheets for the improvement of ductility and forming properties at room temperature. The present study was
carried out to contribute to a basic understanding for the application of ECAP to commercial AZ31 Mg alloy
sheets. AZ31 sheet is one of the most frequently used magnesium sheets for industrial applications. Especially,
this alloy exhibits a distinct basal texture after rolling. For this reason, the effect of ECAP on the texture change
and grain refinement can be easily detected and analyzed. In particular, the microstructure development and the
resulting mechanical properties at room temperature were investigated with emphasis on the role of processing
temperature at ECAP. The results were correlated with the cold forming behavior of ECAPed AZ31 sheets using
the forming tests of a U-channel profile.

2. Experimental procedures
An ECAP test tool was designed and manufactured for the introduction of shear strain into sheets as shown in
Fig. 1. As a constraint in the tool design, it was established for the minimization of energy consumption that
there is no pre-heating of the sheet. The process heat should be applied to the sheet only from a narrow zone
along the locally heated channel radii. For this, the tool guide is separated by an insulation of the heated tool
active elements, in order to reduce the risk of buckling or unfavorable transverse loading by thermal strain as
much as possible.
In the open position, a sheet with dimensions of 200 × 200 × 1.8 mm3 is laterally inserted between the right
and left tool parts. It stands on the outer radius of the left channel part. Here the right and left radius of the
channels are 2 mm and 4 mm, respectively. During closing of the blank holder plate including the right tool part,
the sheet is locally heated by the both channel parts, which are pre-heated within a temperature range from 175
to 225 °C using two cartridge heaters. Subsequently, the sheet is pressed through the channel parts with the
constant press speed of 5 mm/s. Consequently, the shear strain can be imposed into the sheet.
Commercial AZ31 (3Al-1Zn-0.3Mn-Mg Bal. wt.%) sheets with an initial thickness of 2 mm were rolled to a
final thickness of 1.8 mm at 400 °C in a single pass. This rolling pass was performed to further refine
microstructure. After the rolling, a recrystallization annealing treatment was carried out at 350 °C for 30 min.
These two steps provided a homogeneous microstructure with equiaxed grains for the subsequent ECAP trials.
Microstructures of the rolled and ECAPed sheets were analyzed by optical microscopy. Samples were cut
parallel to the rolling and ECAP process direction. They were mechanically ground with SiC paper (grit 8002500) and polished with oxide polishing suspension of 0.05 μm. The polished samples were chemically etched
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with a picric acid solution (150 ml of ethanol, 40 ml distilled water, 6.5 ml acetic acid and 3-4 g picric acid). The
grain size was determined by the linear intercept method using the OlympusTM Analysis Pro 5.0 software.
The microstructures were also analyzed by electron backscatter diffraction (EBSD). This technique provides a
detailed description of the microstructure, e.g. analysis of Schmid factor and image quality (IQ) maps. EBSD
was carried out using a field emission gun scanning electron microscope (ZeissTM, Ultra 55) equipped with an
EDAX/TSL EBSD system with a Hikari detector. Longitudinal sections of the rolled sheet and exemplarily a
sample taken from the ECAPed sheet at 225 °C were prepared. Additionally to the sample preparation mention
above, electrochemical polishing was then carried out using a StruersTM AC2 solution at 16 V for 80 s at -25 °C.
EBSD measurements were implemented at an accelerating voltage of 15 kV and a step size of 0.2 µm.
Quantitative texture measurements on both rolled and ECAPed samples were carried out with a PanalyticalTM
X-ray diffractometer in reflection geometry using Cu-Kα radiation. Six pole figures, (0001), (10-10), (10-11),
(10-12), (10-13) and (11-20), were measured up to a tilt angle of 70°. The data were used to calculate the
complete orientation distribution function. The orientation distribution function was calculated using the MTEX
toolbox (Hielscher et al., 2008) and the results are presented in terms of the (0001) pole figure.
Tensile specimens in the rolling direction (RD) and transverse direction (TD) were prepared according to
DIN 50125 H 12.5×50 using spark erosion. Tensile tests were carried out at room temperature with a quasi-static
strain rate of 1×10-3 s-1 using a universal test machine (ZwickTM Z050). During tests, the tensile force and strains
along the length and width direction were measured continuously. The plastic strain ratio, r-value, was
calculated using the strain values within the uniform elongation. The r-value in cubic materials is calculated
commonly at 20% of the elongation (Ghosh et. al, 1984). However, the present materials show fracture strains
lower than 20%. Nebebe et al. (2009) reported recently that uniform elongation is observed up to 10% in AZ31
and ZE10 Mg alloys. Thus, in the present study, the r-value was calculated at 10% engineering strain in the
tensile direction and is designated as r10. The results of the tensile tests are the average values obtained from at
least five stress-strain curves for each direction.
For the evaluation of cold formability of the ECAPed sheets, forming tests of a U-channel section were
carried out at room temperature. Because of the likelihood of anisotropic behavior, strips along the RD and TD,
with dimensions of 180 mm × 40 mm, were prepared for the rolled and ECAPed sheets. Tests were conducted
using a deep drawing test tool with a punch diameter of 80 mm. The punch speed of 20 mm/s was constant and
the blank holder force was set as zero, in order to maximize the material flow between punch and die. The whole
strip and the contact area of the active elements were lubricated with oil. For each samples the drawing depth
was measured from the flange to the floor zone excluding the sheet thickness.
4

Fig. 1. Description of developed ECAP tool: (a) main assembly modules, (b) section A-A, (c) section B-B.

3. Results and Discussion
3.1. AZ31 sheets processed by ECAP
Fig. 2 describes the ongoing ECAP process and the three samples that were deformed through a single ECAP
pass with the channel angle of Φ = 130° and arc angle of Ψ = 50° at processing temperatures of 175, 200 and
225 °C. Hereby Φ is the angle of intersection of the two channels and Ψ is the angle subtended by the arc of
curvature at the point of intersection (Iwahashi et al., 1996). The rolling direction of the sheets is parallel to the
direction of the ECAP process (PD). The samples were deformed at a generally acceptable level of reliability
and quality without mechanical failure, such as cracking and buckling. Afterwards, the ECAPed sheets were hot
straightened at 200 °C for 30 min with a pressure of 7.3 kPa, in order to achieve a homogeneous microstructure
and completely flat sheets.
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Fig. 2. (a) ECAP process and (b) ECAPed sheets at processing temperatures of 175, 200 and 225 °C.

3.2. Microstructure of ECAPed AZ31 sheets
Fig. 3 shows representative microstructures of the rolled and ECAPed sheets. In Fig. 3 (a), the rolled sheet
exhibits a coarse microstructure with an average grain size of 15.4±3.7 µm. As shown in Figs. 3 (b) and 3 (c),
after a single ECAP pass at 175 and 200 °C more homogeneous microstructures develop compared to the initial
microstructure. The grain size of the sample processed at 175 °C is 10.5±3.4 µm. The sample deformed at
200 °C showed a comparable microstructure and the average grain size was slightly refined to 9.4±3.1 µm. As a
characteristic feature, the relatively coarse grains in the ECAPed microstructure indicate the existence of twins
that were identified mainly as {10-12} <10-11> tensile twins (see red arrows). Fig. 3 (d) illustrates the
microstructure of the ECAPed sample at 225°C. The microstructure in this condition is further refined to an
average grain size of 7.6±3.2 µm. It is noteworthy that a reasonably homogeneous microstructure develops at the
three temperatures in a single ECAP pass. The original coarse grains were consumed by the formation of fine
grains along grain boundaries. As shown in Fig. 3 (d), especially the presence of serrated grain boundaries and
small grains (marked as blue arrows) reveals the activation of dynamic recrystallization (Victoria et al., 2013).
The mechanism is understood as the result of the continuous production and absorption of dislocation in low
angle grain boundaries and the progressive transformation to high angle grain boundaries, i.e. the formation of
new grains (Ion et. al. 1982). Since this effect is carried out along grain boundaries of coarse grains, new fine
grains will surround them leading to a necklace-type microstructure. These findings are in good agreement with
the fact that fine microstructures can be produced in any material by means of ECAP at low temperatures (Sakai
et al., 2014).
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Fig. 3. Microstructure of rolled (a) and ECAPed AZ31 sheets at (b) 175 °C; (c) 200 °C; (d) 225 °C (GS: grain
size, RD: rolling direction, TD: transverse direction, PD: ECAP direction, red arrows: tensile twin, blue arrows:
serrated grain boundaries and small grains).

Fig. 4. (0001) pole figures of rolled (a) and ECAPed AZ31 sheets at (b) 175 °C; (c) 200 °C; (d) 225 °C (RD:
rolling direction, TD: transverse direction, PD: ECAP direction, m.r.d.: multiple random distribution).

Fig 4 (a) presents the texture of the rolled sheet with respect to the texture development. This material
exhibits a strong basal texture with a maximum intensity of 9.5 of multiple random distribution (m.r.d.), which is
characterized by the alignment of basal planes parallel to the sheet plane. After a single ECAP pass at 175 and
200 °C, the texture intensity drops from 9.5 to 8.5 (m.r.d.) as shown in Figs. 4 (b) and 4 (c). More importantly, a
texture component is developed, which is tilted about 80° towards the PD. In the ECAPed sheet at 225 °C, the
texture is further weakened and the texture intensity is reduced to 6.5 (m.r.d.). This texture also shows the
development of a new texture component tilted towards the pressing direction. The origin of this texture
component has been related with the fraction of the microstructure that contains {10-12} <10-11> tensile twins,
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since it can reorient the c-axis about 86° away of the original direction (Yi et al., 2009). The possibility to trigger
the activation of certain twining modes is particularly attractive for the weakening and randomization of the
texture. Besides, the formability and mechanical properties of many engineering alloys are intimately related
with the formation of twins, since they can accommodate the plastic deformation and change the orientation of
the lattice (Nie et al., 2013). The main effect of the reorientation of the lattice and consequently the tilting of the
basal planes is the high increase in the possibility to activate basal <a> slip.
Since basal <a> slip is the easiest deformation mode at room temperature, the influence of the reorientation of
the basal planes on the activation of basal <a> slip can be analyzed using the distribution of Schmid factor. The
Schmid factor is a geometrical value that indicates the feasibility to activate a determined slip mode with respect
to a defined direction of the applied load. The analysis of the Schmid factors for basal <a> slip is presented using
data obtained from the EBSD measurements. Fig 5 (a) shows the microstructures of the rolled sheet and ECAPed
sample at 225 °C with respect to the Schmid factors for basal <a> slip. The Schmid factors were calculated for
basal <a> slip ((0001) <11-20>) in tension, when the applied load is parallel to the rolling or PD. It is evident
that the ECAP process provides the increase in the fraction of the microstructure with high Schmid factor of 0.4.
Another important feature in the ECAPed microstructure is that the fraction of the microstructure with high
Schmid factors was increased by twinned regions; some examples are shown inside the dashed white squares and
in the close up of Fig. 5 (a). Fig. 5 (b) shows the distribution of the Schmid factors for the activation of basal <a>
slip in tension along the RD and TD in the rolled and ECAPed sheets. It can be observed that the ECAP process
has a strong effect on the activation of basal <a> slip along the PD. The reason for this is an increase in the
fraction of grains with a certain Schmid factor in terms of relative frequency. There is a monotonic increase of
the fraction of the microstructure with high Schmid factors, which is remarkably higher than in the initial state.
However, there is no high increase in the Schmid factors of both cases, as the tension is applied parallel to TD.
In addition to the analysis of the Schmid factors for basal <a> slip, the possible activation of {10-12} <1011> tension twins was taken into account. This twinning mode is the most commonly and easily activated twin
in Mg (Roberts, 1960). In magnesium, a theoretical maximum extension of 6.4% along the c-axis can be
accommodated by complete reorientation of {10-12} <10-11> twins (Partridge, 1967) and this effect can
enhance the uniform elongation in Mg alloys during further deformation (Barnett, 2007). Fig. 5 (c) and Fig. 5 (d)
present the Schmid factor maps and relative frequency for the activation of tension twins in the rolled and the
ECAPed sheet. It is observed that the rolled sheet has higher fraction of the microstructure that can undergo
twinning as compared with the ECAPed sheet. This could be related with the larger grain sizes in the rolled sheet
than in the ECAPed sheet. In this regard, Dobron et al. (2011) showed that {10-12} tensile twinning in Mg alloys
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is favored in the larger grains and tends to occur in the smaller grains with increasing strain. Besides, the area
fraction of the coarser grains, which are oriented preferably for the nucleation of tension twin, in the as-rolled
condition is much larger than the finer grains in the ECAPed sample.

Fig. 5. Schmid factor maps of rolled and ECAPed sheet at 225 °C for basal <a> slip and {10-12} <10-11>
tension twin: (a) Schmid factor maps for basal slip, (b) distribution of Schmid factors for basal slip at a virtual
tension along RD // ECAP and TD, (c) Schmid factor maps for tension twin, (d) distribution of Schmid factors
for tension twin at a virtual tension along RD // ECAP and TD.

3.3. Influence of processing temperature on mechanical properties at room temperature
For the investigation of the effect of the processing temperatures on the mechanical properties at room
temperature, the stress-strain curves of the rolled and ECAPed sheets are compared as shown in Fig. 6. The
corresponding mechanical properties are listed in Table 1. The ECAP process allows the improvement of the
uniform strain (ɛu) and fracture strain (ɛf) at room temperature compared with the rolled sheet. Still, only the
direction towards the PD is improved in this regard. On one hand, the ECAPed sheets exhibit higher uniform
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strains and lower yield strengths (YS) and r-values in the RD than in the TD. On the other hand, the specimen
orientation has no significant influence on the ultimate tensile strength (UTS).
Because the shear deformation along the RD is imposed by ECAP, the yield strengths in the RD are 4050 MPa lower than in the TD. In particular, the yield strengths to the RD of the ECAPed sheets are decreased to
45-60 MPa, as compared with the rolled sheet. The Lankford coefficients of the ECAPed sheets in the both
directions are reduced to 50-70% of the rolled sheet. This decrease in the r10 indicates that the texture
weakening and new texture component developed during ECAP have an important effect on the mechanical
behavior of the sheets. It is observed that the r10 and ɛu of both directions increase with the processing
temperature. The highest uniform strain at room temperature is 17.6% in ECAPed sheet at 225 °C. This is an
improvement of 31% in comparison with the as-rolled condition. On the other hand, the ɛu in the TD is slightly
improved by the ECAP process. However, the results indicate that the processing temperature does not have a
significant influence on enhancing the ɛu in the TD as observed in the RD.

Fig. 6. Stress-strain curves of ECAPed AZ31 sheets at room temperature in different loading directions and
processing temperatures: (a) as-rolled condition, (b) 175 °C, (c) 200 °C, (d) 225 °C (RD: rolling direction, TD:
transverse direction).
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Table 1
Tensile properties of ECAPed AZ31 sheets at room temperatures in different loading directions and processing
temperatures (T: processing temperature, RD: rolling direction, TD: Transverse direction, YS: yield strength,
UTS: ultimate tensile strength, ɛu: uniform strain, ɛu: fracture strain, r10: r-value at ɛ=10%).
T [°C]

Tensile direction

YS [MPa]

UTS [MPa]

ɛu [%]

ɛf [%]

r10 [-]

as-rolled

RD

190

275

13.4

19.4

1.6

TD

171

269

14.8

15.7

1.7

RD

130

264

16.1

18.9

0.8

TD

178

274

15.7

19.6

1.2

RD

137

266

17.2

23.2

0.8

TD

180

275

15.3

19.1

1.1

RD

146

270

17.6

21.9

0.8

TD

178

272

13.4

15.5

1.0

175

200

225

Fig. 7. Image quality (IQ) maps showing the twinning activity after 10% of nominal strain: (a) rolled sheet, (b)
ECAPed sheet at 225 °C.

The increase in the ɛu along the PD of the ECAPed sheets is correlated with the enhanced activation of basal
<a> slip. As discussed in Fig. 5 (a) and (b), the microstructure with high Schmid factor exhibits orientations that
facilitate the activation of this slip mode. Therefore, the preferred orientation of grains and the low critical
resolved shear stress (CRSS) can increase the relative activity of basal <a> slip during the tensile test presented
in this work. In order to analyze the activation of additional deformation mode such as mechanical twining,
tension test were peformed again up to a nominal strain of 10% along the RD. Subsequently, the strained
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specimens of the rolled and ECAPed sheets at 225 °C were measured using EBSD. The analysis of the IQ maps
from the EBSD measurement allows revealing additional mechanisms that lead to the increase in the ɛu in the
ECAPed sheets. In Fig. 7 (a), the IQ map of the rolled sheet shows that the main twinning mode is {10-12} <101-1> tension twin. The area fraction of this twinning system amounts to 15% of the microstructure. It is also
noted that there was a slight activation of {10-11} <10-1-1> compression twins and {10-12}-{10-1-1} double
twins. However, the total fraction of two twinning modes is only 2%. The predominant activation of tensile
twins is understood as an extension on the c-axis, which was imposed on grains during the tensile test. As
discussed above, one of the main fractions of the microstructure in the as-rolled condition has a high Schmid
factor for the activation of {10-12} <10-11> twins. In the ECAPed sheet, the fraction of {10-12} twinning in the
microstructure is increased further to 18% as depicted in Fig. 7 (b). This increase in tensile twins is due to the caxis tilted towards the PD. As described above, the activation of {10-12} <10-11> tension twins facilitates a
further increase in the ɛu to the loading direction. Hence, the decrease in the YS and increase in the ɛu along the
PD are understood as the result of the combined activities of basal <a> slip and {10-12} <10-11> tension twins.

3.4. Cold formability of ECAPed AZ31 sheets
Since the ECAPed sheet at 225 °C exhibits the highest ductility, the cold formability of the ECAPed sheets at
225 °C is compared with the rolled sheets as shown in Fig. 8. In the rolled sheets, the drawing depths of the
strips cut parallel to the RD and TD reach maximal 6.0 mm without cracking. Because the rolled sheet exhibits
no large difference in uniform strain to the RD and TD as shown in Fig. 6 (a), the sample orientation has no
influence on the drawability of the rolled sheet. In higher drawing depths, the formed sheets show failure at the
floor sides, where a high degree of deformation is applied and strain in the thickness direction is required.
Although the r-values of the ECAPed sheets are almost twice lower than those of the rolled sheet, the ECAPed
sheets parallel and transverse to the PD can be formed successfully up to 9.5 and 8.0 mm, respectively. In
comparison of the rolled sheet, the cold formability is improved by over 50% using the ECAP process. This
directional improvement of the cold formability in the forming tests is in good agreement with the tensile test
results. The results are understood as a direct effect of the texture changes introduced by the ECAP process on
the mechanical behavior of the AZ31 sheets. In this respect, it is confirmed that the ECAP process is an effective
thermo-mechanical process for increasing activity of basal <a> slip and {10-12} <10-1-1> tension twins, and
hence it allows the improvement of the forming properties of Mg sheets at room temperature.
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Fig. 8. U-channel section forming tests of rolled and ECAPed AZ31 sheets at 225 °C: (a) strips parallel to
ECAP/rolling direction, (b) strips transverse to ECAP/rolling direction.

4. Conclusions
The present study was carried out to contribute to a basic understanding for the application of the ECAP
process to commercial AZ31 Mg alloy sheets. For this, a novel tool was developed and Mg sheets were
processed successfully. The microstructure and texture development during the ECAP process was investigated.
The associated mechanical properties at room temperature were analyzed and finally, the enhanced cold
formability was proven using the forming tests of a U-channel section. The main results from this study are
summarized as follows:
(1) AZ31 sheets, with dimensions 200 mm × 200 mm × 1.8 mm, were processed by ECAP with a channel angle
of 130° at processing temperatures of 175, 200 and 225 °C. The sample deformation was reliable without
mechanical failure like cracks or buckles.
(2) The microstructures of the ECAPed sheets were refined and the average grain size at 225 °C was reduced to
8 µm in comparison of the rolled sheet (15 µm). In particular, it was observed that dynamic recrystallization
occurred during the ECAP process. The texture analysis using x-ray diffraction showed that the texture of the
ECAPed sheets has weakened and a new texture component was developed, which were tilted to the PD.
(3) Due to the increased activity of basal <a> slip and {10-12} tension twinning, the uniform strain at room
temperature of the ECAPed sheet (17.6% at 225 °C) was improved by 31% as compared with the rolled sheet.
Moreover, the ECAP process provided directional influence on the tensile properties. This was correlated
directly with the analysis of Schmid factors for the activation of basal <a> slip and {10-12} tension twinning.
(4) In the forming tests of U-channel profile at room temperature, the drawing depth was improved by over 50%
in comparison with the rolled sheet. Based on results of the tensile and forming tests, it is confirmed that the
tilting of the basal planes to the PD was effective to increase in the activity of basal <a> slip and {10-12}
13

tension twinning, and hence it enables the enhancement of the mechanical and forming properties of Mg
sheets at room temperature.
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Figure captions
Fig. 1. Description of developed ECAP tool: (a) main assembly modules, (b) section A-A, (c) section B-B.
Fig. 2. (a) ECAP process and (b) ECAPed sheets at processing temperatures of 175, 200 and 225 °C.
Fig. 3. Microstructure of rolled (a) and ECAPed AZ31 sheets at (b) 175 °C; (c) 200 °C; (d) 225 °C (GS: grain
size, RD: rolling direction, TD: transverse direction, PD: ECAP direction, red arrows: tensile twin, blue arrows:
serrated grain boundaries and small grains).
Fig. 4. (0001) pole figures of rolled (a) and ECAPed AZ31 sheets at (b) 175 °C; (c) 200 °C; (d) 225 °C (RD:
rolling direction, TD: transverse direction, PD: ECAP direction, m.r.d.: multiple random distribution).
Fig. 5. Schmid factor maps of rolled and ECAPed sheet at 225 °C for basal <a> slip and {10-12} <10-11>
tension twin: (a) Schmid factor maps for basal slip, (b) distribution of Schmid factors for basal slip at a virtual
tension along RD // ECAP and TD, (c) Schmid factor maps for tension twin, (d) distribution of Schmid factors
for tension twin at a virtual tension along RD // ECAP and TD.
Fig. 6. Stress-strain curves of ECAPed AZ31 sheets at room temperature in different loading directions and
processing temperatures: (a) as-rolled condition, (b) 175 °C, (c) 200 °C, (d) 225 °C (RD: rolling direction, TD:
transverse direction).
Fig. 7. Fig. 7. Image quality (IQ) maps showing the twinning activity after 10% of nominal strain: (a) rolled
sheet, (b) ECAPed sheet at 225 °C.
Fig. 8. U-channel section forming tests of rolled and ECAPed AZ31 sheets at 225 °C: (a) strips parallel to
ECAP/rolling direction, (b) strips transverse to ECAP/rolling direction.
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Table 1
Tensile properties of ECAPed AZ31 sheets at room temperatures in different loading directions and processing
temperatures (T: processing temperature, RD: rolling direction, TD: Transverse direction, YS: yield strength,
UTS: ultimate tensile strength, ɛu: uniform strain, ɛu: fracture strain, r10: r-value at ɛ=10%).
T [°C]

Tensile direction

YS [MPa]

UTS [MPa]

ɛu [%]

ɛf [%]

r10 [-]

as-rolled

RD

190

275

13.4

19.4

1.6

TD

171

269

14.8

15.7

1.7

RD

130

264

16.1

18.9

0.8

TD

178

274

15.7

19.6

1.2

RD

137

266

17.2

23.2

0.8

TD

180

275

15.3

19.1

1.1

RD

146

270

17.6

21.9

0.8

TD

178

272

13.4

15.5

1.0

175

200

225
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