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Abstract: A polycrystal plasticity model was developed to analyze the room-temperature deformation behaviors of Mg—3Al—1Zn
alloy (AZ31). The uniaxial tension and compression tests at room temperature were conducted using cast and extruded AZ31 rods
with different textures and combined with the proposed model to reveal the deformation mechanisms. It is shown that, different flow
curves of two specimens under tension and compression tests can be simulated by this model. The flow curves of AZ31 extrusions
exhibit different shapes for tension and compression due to different activities of tensile twinning and pyramidal {c+a) slip. The
metallographic and TEM observations showed the equal twinning activities at the initial stage in tension and compression tests and
the occurrence of pyramidal (c+a) slip in compression of as-cast Mg—3Al—1Zn alloy with increasing the strain, which is consistent

with the simulated results by the proposed model.
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1 Introduction

Mg and its alloys usually show low ductility at
ambient temperature [1-3]. Researches have proved that
the ductility of Mg alloys can be substantially improved
by grain size reduction and texture softening [4—6]. For
instance, an AZ31 Mg alloy was subjected to an equal
channel angular pressing (ECAP) and its elongation-to-
failure was enhanced to above 40% [4]. Therefore, the
ductility of Mg alloy at room temperature can be
substantially improved by changing the microstructure
and texture to activate more deformation modes such as
non-basal slips and mechanical twinning. Due to the
hexagonal close-packed structure, the activation stresses
of slip systems differ greatly in Mg alloys, resulting in
strong basal textures in their wrought products. An
investigation by KHAN et al [7] showed higher strength
and 7 value (the ratio of width strain to thickness strain)
along the transverse direction (TD) compared with those
along the rolling direction (RD), indicating important
influence of slip systems on the macroscopic strength
and texture of AZ31 alloy. Moreover, twinning can
impose a considerable effect on the flow behaviors of

Mg alloys, as revealed in the study by JIANG et al [8].

More recently, polycrystal plasticity modeling and
crystal plasticity finite-element simulation [9—13] have
been applied to exploring the activities of slip and
twinning systems of hexagonal close-packed Mg alloys.
For example, basal slip, second-order pyramidal slip and
tensile twinning were regarded as the main deformation
mechanisms for textured AZ31 alloy [9]. AGNEW
et al [10] showed an elastic—plastic self-consistent
(EPSC) model that pyramidal {c+a) slip was required in
simulating the flow curves of Mg alloys. CHOI
et al [11,12] emphasized the importance of pyramidal
(cta)y slip in accommodating the plastic strain in Mg
alloys through a visco-plastic self-consistent model.
HAMA and TAKUDA [13] further discovered the
difference in the activated slip systems for uniaxial
tension and biaxial tension with a crystal plasticity FE
method. These findings offered valuable insight into the
deformation mechanisms of various Mg alloys.

In this study, a criterion for the activation of
deformation mode based on the critical resolved shear
stress and Schmid factor was incorporated in a simplified
crystalline plasticity model to analyze the room
temperature deformation mechanisms of Mg—3Al—1Zn
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(AZ31) alloys with two different textures (i.e., randomly-
textured as-cast and basal-textured extruded specimens).
Then, the proposed model was employed to simulate the
flow curves of as-cast and extruded specimens under
uniaxial tension and compression. The deformation twins
and dislocations after tension/compression were analyzed
by the combination of metallographic microscopy and
TEM to verify the modeling results.

2 Polycrystal plasticity modeling

Owing to the hexagonal close-packed structure, the
critical resolved shear stresses (CRSSs) of different
deformation modes (including dislocation glide and
twinning) vary markedly in Mg alloys, which makes it
difficult for these modes to operate synchronously
[14,15]. This feature differs from that of cubic-structure
metals which have abundant equivalent slip systems with
equal initial CRSSs for several slip systems to operate
simultaneously.

Therefore, it is assumed in this model that merely a
slip or twinning mode can be activated within an
individual grain during a loading instant, but different
modes can be activated during a loading period
depending on their dynamically changed CRSSs and
orientation factors. To ensure the continuity among
grains, the normal strain rates of all grains are assumed
to be the same during the loading. Four modes were
considered in this model: M1 is {0001} (1120) basal
slip, M2 is {10T0}<1 120) prismatic slip, M3 is
{1122)1123) pyramidal slip, and M4 is {1012}(1011)
twinning, which have also been adopted by CHOI
etal [11] and AGNEW et al [16].

Voce hardening law was adopted to calculate the
CRSS for a deformation mode Mj (=1, 2, 3, 4) with
imposed strain [16,17].

. . . ™M
=)+ M —exp| - TMfO (=1, 2, 3, 4 (1)
1

where 7)Y denotes the instantaneous CRSS of mode
Mj (=1, 2, 3, 4), 73V is the initial CRSS, 737 +17,7
represents the final back-extrapolated CRSS, 19(1)\4 y
denotes the initial hardening rate, '™ represents the
accumulated shear strain. The shear strain Ay™
accomplished by Mj during a loading step is represented
by imposed normal strain increment Ae and Schmid
factor m™ as follows:
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The responded normal stress o\’ of an individual
grain i (i=1, -, n) along loading axis can then be
expressed (note that n denotes the total number of grains
in the model) by

TMj
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O-C[] = CI:A] (3)
m;

Considering the fact that a slip or twinning mode is
easier to operate under the conditions of low CRSS and
high orientation factor, both the CRSS and Schmid factor
should be incorporated into the plasticity modeling to
identify which mode will be preferentially active in a
single grain.

The required longitudinal stress of deformation
mode Mj for grain i, o)/ (equal to 7/ /mM in
Eq. (3), termed relative CRSS), can be used to embody
the combined effects of CRSS and orientation factor.
Hence, a criterion is proposed that the only activated
mode Mj* in one grain must have the minimum value of
M among all the modes. Then, the activated
deformation mode Mj* in grain i can be identified by
calculating the minimum value among the relative

CRSSs of the four involved modes.
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For example, if the relative CRSS 0'24 2 of
{1010}1120) prismatic slip of grain i is minimum, then
j*=2. The instantaneous macroscopic stress ¢ for a given
macroscopic strain increment Ae can be calculated by
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Due to the strain hardening and grain rotations,

r?{‘f of the activated mode M; will rise, causing it more
difficult to operate. As a result, other originally softer
modes will be activated and contribute to the imposed
normal strain increment.

The relative activity (RA) of a deformation mode
Mj is calculated to analyze its contribution to plastic
deformation and defined by
M

RA = (6)

Ptotal
where ny; denotes the number of grains which deform
by mode Mj, and n,,, is the total number of grains
used for the modeling. The RA of mode Mj embodies
practically the independent contribution of this mode to
the macroscopic normal strain increment Ae for a
deformation instant in ny; grains. Based on the above
assumptions and equations, a polycrystal plasticity model
considering polar nature of twinning and grain rotations
was developed using Matlab 7. The orientation angles of
grains in two types of textures (as-cast rods with random
orientations and extruded rods with fiber basal texture)
were imported to this program to simulate the
deformation behavior and reveal the activities of
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different modes. The parameters for this model were
determined by the nonlinear fitting (based on Voce law)
of the stress—strain curves of AZ31 extrusions under
uniaxial tension and compression. The obtained fitting
parameters are listed in Table 1, in which the negative
value of 7; for twinning is used to describe the sigmoidal
shape of twinning-dominated flow.

Table 1 Voce parameters for different deformation modes used

in model
Voce parameter/MPa
Mode
To T1 60
M1 25.0 90.0 250.0
M2 45.0 110.0 300.0
M3 88.0 130.0 350.0
M4 32.0 -10.0 200.0

3 Experimental

3.1 Microstructures and textures characterization

A commercial AZ31 alloy in the as-cast state was
selected for the investigation. The cast AZ31 alloy
specimens were extruded at 250 °C with an extrusion
ratio of 9 to reduce the grain size and induce a basal fiber
texture. The initial cast specimens had coarser grains size
of about 162.8 pum, while the prepared extruded bars
showed much finer grain size of about 8.9 pm. Both
microstructures are free of twins. The textures of as-cast
and extruded billets obtained by X-ray diffraction are
illustrated in Fig. 1. The maximum pole intensity of
(0002) plane of extruded AZ31 alloy is about 70% higher
than that of cast counterpart. Additionally, basal poles of
grains in as-cast AZ31 alloy (Fig. 1(a)) are randomly
oriented, obviously different from the basal texture in
AZ31 extrusions with the basal planes of many grains
oriented parallel to the extruding direction (ED), as
shown in Fig. 1(b).

Circular disks were machined from deformed
specimens of cast AZ31 alloy, ground to about 100 um
thickness and electro-polished for TEM observations.
Two-beam diffraction condition and g-b=0 criterion were
used in the TEM experiment to identify dislocations with
(c+a) Burgers vector.

3.2 Mechanical testing

{10T2}<T01 1) tensile twinning is usually activated
under tension along the ¢ axis or compression parallel to
the basal planes due to its polarity [18—20]. Consequently,
the selective activation of this twinning dependent on
preferred orientation has been regarded as the primary
reason for the tension/compression asymmetry in
textured Mg alloys [21-23]. Hence, Mg alloys with
different textures are expected to show texture-dependent

RD

-"’_*‘W‘\\ Max: 1.3
pradl N

(b)
Fig. 1 (0002) pole figures showing textures of cast (a) and

extruded (b) AZ31 specimens with XRD testing surface parallel
to extrusion direction (ED) (TD denotes transverse direction,
RD denotes radial direction of cast rods)

mechanical responses, which provide a feasible basis to
acquire the fitting parameters of Voce law and develop a
polycrystal plasticity model of Mg alloys.

For this purpose, AZ31 specimens with random
texture (Fig. 1(a)) and fibre basal texture (Fig. 1(b)) were
mechanically tested under tension and compression to
obtain different plastic responses. The mechanical-test
samples were cut from as-cast and extruded rods along
their axes, respectively, and then deformed with a strain
rate of 0.001 s at room temperature.

4 Results and discussion

4.1 Deformation mechanisms of extruded AZ31 alloy
The experimental and modeling flow curves of
extruded AZ31
compression are illustrated in Fig. 2.
The flow curves in Fig. 2 show obvious tension/
compression yielding asymmetry (i.e., yielding strength

alloy under wuniaxial tension and
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in tension is obviously higher than that in compression)
and different work hardening rates. In particular, the flow
curve in compression shows a concave shape and
increasing work hardening rate compared with a convex
shape and decreasing work hardening rate in tension.
This asymmetric plastic response has been attributed to
the activation of {1012} tensile twinning in
compression but not in tension with the presence of basal
texture in extruded billets. Using the proposed model, the
different tension/compression work hardening behaviors
and twinning-dominated sigmoidal flow curve
experimentally observed in compression are well
simulated (dash lines in Fig. 2).
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Fig. 2 Flow curves of AZ31 extrusions with basal fibre texture
under tension and compression through experiments and
modeling

As shown in Fig. 3, during uniaxial tension,
considerable basal (@) dislocations can be activated at the
initial stage due to the not very strong basal texture. With
the increase of strain and the resultant rotation of grains,
the Schmid factor of activated basal (a) slip system
decreases and the instantaneous CRSS becomes larger
due to self-hardening. Consequently, the relative activity
of basal {a) slip drops significantly to around 20% at a
strain of 6%, and the hard pyramidal {(c+a) slip is more
favorable to operate and carry 40% deformation at a
strain of 9%. Because of the basal texture in AZ31
extrusions, almost no activation of {10T2} twinning
occurs during tension.

It should be noted that, even if a few grains are
oriented away from the extruded basal texture, {10T2}
twinning systems in these grains are still hard to activate
due to their low CRSSs compared with those of basal (a)
slip systems [23].

For wuniaxial compression, twinning plays an
important role (nearly 65%) at the initial stage, and then
decreases to only 15% at a strain of 20%. In contrast, the
hard pyramidal {c+a) slip begins to operate at a strain of
4% and becomes more important with increasing the
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Fig. 3 Deformation mode activities under tension (a) and
compression (b) for AZ31 extrusions

strain. Since {10T2} twinning and pyramidal slip are
the only two modes to accommodate strains along the
c-axis, the increased relative activity of pyramidal slip is
almost equal to the decreased activity of {10T2}
twinning. Compared Fig. 3(a) with Fig. 3(b), obviously
different activities of pyramidal slip can be understood as
a result of different twinning activities in tension and
compression for deformation compatibility, and also
cause high strain hardening rate in compression. The
relative activities of tensile twinning and pyramidal slip
in tension and compression coincide with the results
reported by CHOI et al [11].

4.2 Deformation mechanisms of cast AZ31 alloy

To analyze the effect of texture on the deformation
mechanisms, the cast AZ31 alloy with randomly oriented
grains was examined by uniaxial mechanical tests to
compare with the plastic behavior of AZ31 extrusions. It
can be found in Fig. 4 that, the yield strengths for tension
and compression are nearly the same at the beginning of
deformation. However, the work hardening rate is much
higher in compression than that in tension, causing a gap
of 100 MPa in flow stress. Unlike the concave curve in
compression and convex curve in tension for extruded
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AZ31 alloy (Fig. 2), the flow curve shapes of both
tension and compression are convex for cast AZ31 alloy,
implying different deformation mechanisms compared
with AZ31 extrusions.
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Fig. 4 Flow curves of randomly-textured cast AZ31 alloy by
experiments and modeling

MANN et al [24] have demonstrated that, in cast
Mg alloys with random texture, the number of
favorably-oriented grains for twinning in compression is
more than that in tension, and the twin growth is more
pronounced. Therefore, the flow curve in compression
should be lower than that in tension. However, the
compression curves of both this work and CAPEK et al’s
work [25] overtop the tension curves for cast Mg alloys,
i.e., the result contradicts to what is expected. It is
noticed that the flow curves of cast Mg alloys in tension
and compression showed no signature of sigmoidal shape,
quite different from those of Mg extrusions. This implies
that {10T2} extension twinning is not the predominant
deformation mechanism in randomly-textured cast Mg
alloys. On the other hand, there are far more grains
favorably oriented for basal slip in randomly-textured
cast Mg alloys than those in Mg alloy extrusions, and the
basal slip will become the predominant mechanism both
in tension and compression due to the much lower CRSS
of basal slip than that of extension
Consequently, the limited activation of twinning in cast
Mg alloys cannot dominate the plastic deformation and
result in a sigmoidal flow curve and a lower stress in
compression than that in tension.

twinning.

To account for this phenomenon quantitatively, the
activities of slip and twinning in randomly-textured cast
AZ31 specimens were investigated through plasticity
modeling, which revealed that the predominant modes
were basal slip and tensile twinning. The activities of
basal slip and twinning are almost identical at the early
deformation stage (Fig. 5). Therefore, the difference in
yield strength between tension and compression should
be small for cast AZ31 Mg alloy. These modeled results

about twinning after yielding are verified by the nearly
identical number of twined grains after 2% strain in
tension (Fig. 6(a)) and compression (Fig. 6(b)).
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Fig. 5 Deformation mode activities under tension (a) and
compression (b) for cast AZ31 alloy

Because of the low activity of pyramidal {c+a) slip
to accommodate c-axis strain during tension (Fig. 5(a)),
the maximum strain under tension is much smaller than
that under compression. It is also implied in Fig. 5 that,
the work hardening rate in compression is higher than
that in tension owing to the more activities of harder
pyramidal {(ct+a) slip in cast AZ31 alloy. To verify the
occurrence of (cta) slip on pyramidal planes of
randomly-textured AZ31 alloy under compression, the
dislocations were observed by TEM with vector g of
[0002] after an imposed strain of 20% (Fig. 7).

Besides the dislocations with (@) Burges vector in
basal plane and prismatic plane, several {c+a) dislocation
segments can be found with their directions neither
parallel nor perpendicular to (0001) trace line. This
observation agrees with the theoretical study by YOO
et al [26], which shows that {ct+a) dislocations can form
under relatively large driving forces provided by
activated prismatic slip of {10T0}<1 120) dislocations.
These dislocation lines with {c+a) Burgers vector present
a direct evidence for the activation of pyramidal {c+a)
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Fig. 6 Metallographic photographs of cast AZ31 alloy under
tension (a) and compression (b) after 2% strain

<cta> segme
gl

¥

Fig. 7 Pyramidal (c+a) dislocations in compressed cast AZ31
alloy after 20% strain by TEM

slip and should be an important reason for different work
hardening behaviors of as-cast specimens.

5 Conclusions
1) The flow curves of AZ31 extrusions exhibit

concave shape for compression and convex shape for
tension due to significantly different activities of

{1012} twinning, while the flow curves of cast AZ31
alloy show identical convex shapes but different work
hardening rates as a result of different activities of
pyramidal {c+a) slip.

2) The number of grains undergoing twinning after
yielding under tension and compression in cast AZ31
alloy are nearly the same in optical micrographs, which
is consistent with the simulated relative activity of
{1012} twinning by the model.

3) The TEM micrographs show the (c+a)
dislocation segments in cast AZ31 alloy compressed to
20% strain, confirming the activity of pyramidal (c+a)
slip and its different roles in work hardening of cast
AZ31 alloy under tension and compression.
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