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Abstract: The ductility and plastic asymmetry of an as-annealed magnesium alloy plate were studied in compression through
combined process of torsion and subsequent annealing by optical microscope and EBSD. The yield strength (YS) and ultimate
compression strength (UCS) as well as the compression ductility (CD) were simultaneously raised by prior torsion at room
temperature. The CD was further enhanced by subsequent annealing. Also, the torqued sample followed by annealing experienced a
rising CD with the increase in prior strain, leading to the maximum true strain of 0.279, which is twice that of the as-annealed
original one. The sample showed a largely reduced tension—compression yield asymmetry by subjecting to pre-torsion alone or
combined with a subsequent annealing. The enhanced ductility and reduced asymmetry are attributed to the development of a
gradient microstructure with refined grains, and also randomization of the weakened texture due to torsion and subsequent annealing.
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1 Introduction

Magnesium (Mg) alloys have attracted a growing
attention from every sector of the metal consuming
industries due to their low density and high specific
strength, especially in the automotive industry where
lightweight structural alloys are desired as a result of the
increasing need for the improved fuel economy [1]. In
order to satisfy the need of industry, wrought alloys are
manufactured, usually in the form of rolling or extrusion.
Rolled and extruded Mg alloys generally exhibit low
ductility at room temperature because of the limited slip
systems in hexagonal close-packed (HCP) structure and
the resultant strong basal texture [2—5]. The presence of
deformation texture of Mg alloys often results in
intensive tension—compression yield asymmetry [6—8]. It
is well known that grain refinement and texture
modification are effective in enhancing the ductility and
reducing the asymmetry of Mg alloys [7—11]. Many
reports [12,13] suggest that the introduction of simple

shear strain into Mg alloys can be a promising approach
for the texture control. Torsion is an efficient way of
providing simple shear strain for the samples. During
tension or compression, the principal stresses/strains do
not change their directions during deformation; however,
under torsion, the direction of shear strain alters with
deformation, thereby providing a possible way to change
and optimize the microstructure and texture. However,
quite a few studies on the torsion of Mg alloys have been
reported and most of them were related to the Swift
effect [14—16], or the microstructure and texture
evolution brought up by torsion up to a very large strain
at elevated temperatures [17]. To the best of our
knowledge, the application of torsion has not been
applied as a method to improve the mechanical
properties of Mg alloys.

The present study was aimed to optimize the
mechanical properties, especially the ductility and
asymmetry of an as-annealed Mg alloy plate through a
combined process of torsional deformation and
subsequent annealing. The microstructures and texture
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developed under such processes and the resultant
mechanical properties were examined. The results were
analyzed and the mechanisms operated were discussed.

2 Experimental

A commercial hot-rolled Mg alloy AZ21 (Mg—
2.0Al-1.0Zn, mass fraction, %) plate with a thickness of
12 mm was annealed at 673 K for 2 h and used as the
starting materials. The orientation imaging microscopy
(OIM) microstructure and its corresponding (0001) and
(IOTO) pole figures of the initial material are presented
in Fig. 1. The sample was composed of a twin-free
equiaxed grains structure with an average linear intercept
grain size of around 65 pm. The initial texture, measured
by the electron backscatter diffraction (EBSD) technique,
showed an intense basal texture with most basal planes
aligned parallel to the rolling plane and also with a
randomly oriented a@-axis along the rolling plane.
Cylindrical torsion specimens were prepared with their
axial directions along the transverse direction of the Mg
plate. The gauge section was 80 mm in length and 8 mm
in diameter. The samples were twisted in one direction
with one side rotary torsion testing machine at a rotation
speed of 1 r/min and room temperature. The shear strain
was calculated by [14]

y=r0/L (D

where y is the shear strain, r is the distance from the
center, 0 is the rotation angle, and L is the gauge length.
Here, y represents the maximum shear strain on the outer
surface of the rod.

For compression tests of the torqued samples,
specimens with 10 mm in height were machined along

the axial direction. Some of them were subsequently
annealed at 573 K for 1 h and water quenched. For
tensile tests, on the other hand, a sample with a gauge
length of 10 mm and a gauge diameter of 6 mm was
wire-cut. The compression and tensile tests were carried
out using Instron-type mechanical testing machine at an
initial strain rate of 3x10 °s ' and room temperature. The
microstructures developed were examined by optical
microscopy (OM) and OIM, and the textures were
analyzed by EBSD in a field emission gun equipped with
scanning electron microscope. The Vickers hardness tests
were carried out in the following three zones of the
cross-section of each cylindrical sample, i.e., the central
region (»=0—0.5 mm), the middle one (r=1.7-2.3 mm)
and the outer one (»=3—4 mm). The central and outer
regions of the sample were also selected for the EBSD
test. In order to compare the hardness changes in the
specific zones, these hardness values were derived from
almost the same part of the sample of two different
states. For each specific zone, 7 measurements were
obtained within 0.2 mm in terms of the distance from
central point on the cross section of the sample. Finally,
these 7 measurements were averaged and the results
were used to draw the Vickers hardness distribution
graph. The error bars were also provided.

3 Results

3.1 Mechanical properties

Compressive true stress—true strain curves are
depicted in order of the prior-shear strain in Fig. 2 for
AZ21 alloy in different states, i.e., as-annealed,
prior-torqued and prior-torqued followed by annealing.
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Fig. 1 Microstructural characteristics of as-annealed sample: (a) OIM image; (b) (0001) pole figure; (c) (1010) pole figure
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The mechanical properties derived from the flow curves
in Fig. 2 are summarized in Table 1. True strains at
facture were used to represent the compression ductility
(CD) of sample. When the as-annealed sample was
prior-torqued to three levels of shear strain, i.e., y= 0.087,
0.175 and 0.262, the yield strength (YS), ultimate
compression strength (UCS) and CD were all raised
compared with those of the as-annealed one, although

350
(@)
300 .
After torsion &~

250 7
/)
f)

After torsion
and annealing

200 f)

Stress/MPa

150 - y=0.087
100 .

50

0 005 0.10 0.15 020 025 030
Strain

350
(b) After torsion

300 -

Prad

)
’
- ’ \ .
250 Y) After torsion
200 and annealing

Stress/MPa

150 F ,' y=0.175

100

T
N

T

50

0 0.05 0.10 0.15 020 025 0.30
Strain

350 ©

After torsion
300 -

250 7 After torsion

and annealin
200 - ,, s

150

Stress/MPa

100

50

1

0 0.05 0.10 0.15 020 025 0.30
Strain

Fig. 2 True stress—true strain curves under compression at room
temperature for samples torqued and subsequently annealed
(The flow curve for the as-annealed sample is indicated by a
broken line in each figure for comparison)

Table 1 Effect of prior-torsion and subsequent annealing on
compression yield stress (CYS), ultimate compressive stress
(UCS), and compressive ductility (CD) for as-rolled Mg alloy
AZ21

Treatment App 11e.d shear CYS/MPa UCS/MPa CD
strain, y
0 74 286 0.136
) ) 0.087 126 293 0.152
Prior-torsion
0.175 126 293 0.156
0.262 135 291 0.161
0.087 70 290 0.202
Prior-torsion/ |75 86 280 0211
annealing
0.262 75 279 0.279

only slightly for UCS and CD. With subsequent
annealing, the ductility is further greatly enhanced
accompanying with a slight drop (less than 13 MPa) in
UCS but a considerable decrease (40—60 MPa) in YS. It
is remarkable to note that the sample torqued to y=0.262
followed by annealing shows the highest ductility as
much as 0.279, which is twice that of the as-annealed
one (0.136).

3.2 Reduction of asymmetry

At y=0.262 followed by annealing, the sample
showed the highest ductility, it would be interesting to
study further its tension and compression asymmetry
properties. Figure 3 shows the true stress—true strain
curves of tension and compression tests of the Mg alloy
samples at different states, namely, as-annealed,
prior-torqued at y=0.262 and prior-torqued followed by
annealing. It is seen that compressive flow curves (black
lines) have obviously different characteristics compared
with those of the tensile tests (blue lines). In order to
clarify and compare the yield strength measured by
compression and tension, both the compressive and
tensile yield strengths are summarized in Table 2. It is
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Fig. 3 True stress—true strain curves of tension and
compression tests of samples under different conditions
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Table 2 Mechanical properties of as-annealed, prior-torsion
(y=0.262), and prior-torsion/ annealing samples

Treatment Test mode YS/MPa  CYS/TYS
Compression 74
As-annealed 0.55
Tension 135
Compression 135
Prior-torsion 0.95
Tension 142
Prior-torsion/ Compression 75 0.83
annealing Tension 90 .

TYS—Tension yield strength

seen that both prior-torsion and prior-torsion followed by
annealing can reduce the tension—compression yield
asymmetry, i.e., the ratio of compressive yield strength to
tensile yield strength, to 0.95 and 0.83 from 0.55 of the
as-annealed sample.

3.3 Microstructures and corresponding hardness

Figure 4 shows the microstructures evolved in the
center and outer regions of the sample torqued to
y=0.262 as well as the ones followed by annealing. The
hardness changes accompanied by these processes are
plotted against distance from the center of the sample in
Fig. 5. It is seen in Figs. 4(a) and (b) that many lenticular
twins are frequently evolved and cross the original
grains [18]. In the central region, recovered and coarse
grains are evolved almost fully, and some lamellar twins
are still remained (Fig. 4(c)). In contrast, much finer
grains are fully developed in the outer region after
annealing as presented in Fig. 4(d). Concurrently, the
hardness decreases from HV 74.6 to HV 61.2 for the
outer region and from HV 63 to HV 59 for the center
one (Fig. 5).

3.4 Texture changes

In order to investigate the texture evolution and the
deformation mechanisms involved in torsion and
annealing, EBSD analysis was carried out on the samples
torqued to y=0.262 and subsequent annealing at 573 K
for 1 h. Representative OIM maps, (0001) pole figures
and grain boundary maps in the central and outer regions
of the sample are presented in Fig. 6. In OIM maps,
colors correspond to crystallographic orientation in the
inverse pole figures. In the grain boundary maps, black
lines correspond to boundaries of misorientation >3°, the
red lines stand for the misorientation of (86+2)° and
thick-blue lines for (56+2)°, which are proven to be the
boundary of {10T2} extension twins and {IOTI}
compression twins, respectively [11]. It is seen that
{IOTZ} extension twins are much more likely to be

activated than {1011} compression twins during

ND

Fig. 4 Optical micrographs in central (a) and outer (b) regions
of samples twisted to y=0.262 and then followed by annealing
(c) and (d), respectively
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Fig. 5 Vickers hardness distribution along cross section of
cylindrical samples twisted to y=0.262 and then followed by

annealing

torsion at room temperature. From the OIM maps, it is
noted that the initial orientation is greatly changed for all
the samples. It is seen from Fig. 6 that the maximum
intensity of the basal plane texture of the as-annealed
plate of 22.099 (see Fig. 1) is fiercely reduced to 12.76
and 7.83 for the central and outer regions, respectively. A
much reduced intensity peak exists close to RD in these
two regions. This may be resulted from the high density
extension twins causing the inclination of the basal pole
from ND about 87° towards RD [18]. Upon annealing, as
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Fig. 6 (0001) pole figures, OIM maps and grain boundary maps in central and outer regions of samples after being prior-torqued (T)
to y=0.262 (a, b), and then followed by annealing (TA) (c, d) (In OIM maps and grain boundary maps, colors correspond to
crystallographic orientation in the inverse pole figures. Black lines correspond to boundaries of misorientation 3°<#<15° and
thick-black lines to 6>15°. Red lines stand for the misorientation of 86° and thick-blue lines for 56°, which are boundaries for

extension and contraction twins, respectively)

seen in Figs. 6(c) and (d), the intensity peaks of the
center and outer regions stay nearly the same (from
12.758 to 12.518 for the center region, and from 7.825 to
6.936 for the outer region).

4 Discussion

4.1 Effect of torsion and subsequent annealing
When the as-annealed sample having a strong basal

plane texture (Fig. 1) is compressed along the transverse
direction of the plate, a tension strain is imposed on the
c-axis of the grains under which circumstance the
extension twins are readily activated [18]. As a result, it
displays a flow curve with a yield plateau, which is a
typical feature of {10T2} extension twinning [19], as
shown by broken curve in Fig. 2.

For the prior-torqued sample, it experiences a raise
in the CD as well as UCS. XIN et al [19] reported a
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similar phenomenon that such an increase in both CD
and UCS can be resulted from grain refinement by
{1012} twinning caused by pre-straining. Such twins
with rather broad width are recognized as {1 150}
extension twins [18]. It is well known that {1120}
extension twinning in Mg alloys can easily take place
under tensile load parallel to the c-axis or under
compression load perpendicular to that, due to its low
CRSS [18]. In torsion, the shear stress can be considered
as a complex combination of extension and compression
load perpendicular to the c-axis [12], so, it is reasonable
to see so many extension twins in the torqued sample.
High density dislocations and twin boundaries generated
by prior-torsion of the Mg alloy can be a strong barrier to
dislocation movement and twinning nucleation under
subsequent compression, resulting in a clear strain-
hardening performance [20] and an increase in YS and
UCS, as seen in green lines of Fig. 2.

According to Eq. (1), the center region suffers much
less shear strains compared with the outer one, but the
volume fractions of tension twins of the outer and center
regions show almost no difference, both are about 60%,
as derived from the microstructure. This may be due to
three reasons. Firstly, as a result of stress compatibility,
the strain imposed on the center is far higher than that
calculated from Eq. (1). Secondly, HONG et al [21]
reported that {1012} twins have completely nucleated
at a small deformation (about 2%), grown between a
strain of 2% and 6%, and then coalesced. With a strain of
8%, most grains are nearly completely twined. The
strains that the center and the outer regions suffered have
both already reached this degree of deformation. Thus,
nearly no difference appears on volume fractions of these
twins. Thirdly, except the occurrence of twins, there are
also other types of deformation modes happening in
these two areas, so there is no doubt that the volume of
dislocation tangles in the outer region could be far more
than that in the center because more strains occur in the
outer region. Although this cannot be seen from the
optical microstructure, it can be proved by the fact that
the hardness in the outer region is much higher than that
in the central area as shown in Fig. 5.

During annealing, different microstructures are
developed for the center and outer regions on the cross
section of the torqued sample. This suggests that static
recrystallization (SRX) and recovery occurring in these
two regions depend largely on the amount of prior shear
strains, which can provide driving force needed for SRX.
Larger prior shear strain imposing in the outer region
leads to more dislocations and twins to assist its
deformation and thus storing more deformation energy.
More deformation energy means that nucleation sites can
be more readily formed. It is concluded, therefore, that

the occurrence of recovery and recrystallization in these
two regions depends on the amount of shear strain
applied, resulting in a gradient microstructure, i.e.,
refined grains with no twins in the outer region and
coarser and recovered grains with some remaining twins
in the central region. Such special microstructures
developed during prior torsion and annealing are similar
to a gradient microstructure developed by using
bidirectional bending and static recrystallization by HUO
et al [22].

4.2 Analysis for enhanced ductility and reduced
asymmetry

It should be noted that a great increment in the
ductility was achieved for the torqued sample followed
by annealing. This may be ascribed to the grains being
refined and the texture being weakened and randomized.
The gradient microstructure derived from the torsion and
annealing process may also help the ductility
enhancement as reported by HUO et al [22].

KOIKE et al [23] have shown that the activation of
non-basal slips is beneficial for the enhancement of the
ductility of Mg alloys. The finer grain structure attained
for the torqued sample followed by annealing means that
it will have a higher volume fraction of grain boundaries.
In order to deform the Mg alloy with finer grains to the
same degree as the one with larger grains, more
non-basal dislocation slips may be needed to maintain
the compatibility and continuity.

According to the studies of CHINO et al [24] and
HA et al [25], random or weaker texture will also be
helpful to increase the ductility of magnesium alloy, as
more slip systems are in the favorable directions with
larger Schmid factors.

The tension—compression yield strength asymmetry
in textured Mg alloys is closely related to the occurrence
of {1012} extension twins [7,26]. In our study of the
tested as-annealed sample along TD direction of the
as-annealed plate, when under compression, {1012}
twinning should dominate the deformation and the low
critical resolved shear stress (CRSS) of the {1012}
twinning [7] results in quite low yield strength [27].
However, when under tension along transverse direction,
the prismatic slip of (a) dislocation with high CRSS is
suspected to control the macroscopic yield at room
temperature [20]. Thus, large yield strength distinction
appears during tension and the compression along
transverse direction of the as-annealed plate. It is well
reported that the texture and grain size of wrought Mg
alloys are the two main factors that influence the
occurrence of extension twinning. Therefore, the fiercely
reduced yield strength asymmetry in our studied AZ21
Mg alloy should be related to the texture and grain size
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developed during torsion and annealing process. During
torsion, the rod suffered a great deal of shear strain,
causing grains to rotate and form extension twins
(Figs. 3(a) and (b)) which can refine the original grains.
When under annealing, as seen from Figs. 3(c) and (d),
the gradient microstructure was further refined. As
extension twins are more reluctant to be activated in finer
grains, the reduction of tension—compression yield
strength asymmetry can be obtained to some extent [7].
In addition, when the texture becomes weakened and
randomized, the occurrence of extension twins will also
be greatly inhabited [6]. This should also help the
reduction of tension—compression yield strength
asymmetry.

It is concluded, therefore, that the development of
the grains refinement, randomized and weakened texture
as well as a gradient microstructure all contribute to such
a dramatic increase in the compression ductility and the
much lessened asymmetry.

5 Conclusions

1) The yield strength, ultimate compression strength
and compression ductility of the as-annealed AZ21 Mg
alloy plate can be raised simultaneously by prior-torsion.
After subsequent annealing, the ductility increased
further to the maximum value of more than twice that of
the as-annealed one. The compression ductility of the
torqued and subsequently annealed AZ21 Mg alloy
increased with the increase in the prior shear strain.

2) Through torsion and subsequently annealing, a
significant obtained for tension—
compression yield asymmetry of the sample.

3) Dramatic increase in compression ductility and
much reduced asymmetry of the material should result
from the development of a gradient microstructure with
refined grains, and also weakened and randomized
texture.

reduction was
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