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Abstract: To study the deformation twins and plastic anisotropy of AZ31 magnesium alloy, based on the plastic constitutive theory of
rate-correlated crystals, a magnesium alloy model with different initial textures, including slip and twin deformation mechanisms, was
established by the finite element method. Besides, the volume fraction of twin crystals was introduced into the model. The
relationship among texture evolution, twins, and mechanical properties during compression was studied. Results show that the plastic
behavior of crystal depends largely on the initial texture, and the difference in the initial texture leads to the obvious anisotropy of
compression behavior: high axial yield and tensile strength and low radial yield and tensile strength. During the compressive plastic
deformation process, with increasing the deformation, the volume fraction of activated twin crystal is increased. In addition, the
higher the volume fraction of radial compressive activated twin crystal, the lower the volume fraction of axial compressive activated
twin crystal. The points of obvious twin crystal appearance in the simulation coincide with those of stress mutation. When the volume
fraction of twin crystal reaches a certain value, the stress suddenly changes, the crystal orientation changes significantly, and the new
slip system is activated, reflecting the influence of the coupling of slip and twin crystal mechanisms on the mechanical properties of

AZ31 magnesium alloy.
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Magnesium alloy is widely used as structural material in
aerospace, communication electronics, automobile, and other
fields due to its lightweight, high specific strength and
stiffness, good cutting and casting performance, abundant
sources, and easy recovery' . In the forming process of metal
materials, different textures usually form, such as extruded
bars. In the process of plastic deformation, the textures often
slip along the crystal plane with the densest atoms, and the
crystal and slip plane usually rotate, resulting in the partially
ordered grains in polycrystals. The preferred orientation of
directly generated grains is referred as deformation texture™*.
Texture can directly affect the physical and mechanical
properties of materials. After texture forms in the magnesium
alloy, the obvious anisotropy at room temperature can be
observed. The texture strengthening of magnesium alloy is a
common method to improve the mechanical properties and

forming properties’” "
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Taylor et al"! developed the crystal plasticity theory based
on the quantitative analysis and proposed the kinematic
equation and constitutive model of single crystal plastic
deformation. On this basis, Asaro"*"¥, Peirce™, and Hill"" et
al introduced the concepts of self-hardening and latent
hardening to describe the interaction of dislocations in the
same/different slip systems and established a complete crystal
plasticity theory. Among them, the crystal hardening theory
mainly includes the rate-independent and rate-correlated"® '
crystals. The work hardening of common metal materials is
related to the loading rate. The rate-correlated crystal material
hardening theory was adopted in this research. Recently, the
crystal plasticity theory has been widely researched. Li et al"”
studied the effects of anisotropy and tension-compression
asymmetry on the formability of materials by establishing a
constitutive model. Shi et al® used in-situ electron
backscatter diffractometer (EBSD) and found that with
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increasing the deformation, the twins of AZ31 magnesium
alloy gradually expand to the equiaxed crystal boundary,
therefore affecting the grain boundary and causing twin
nucleation in adjacent grains to coordinate deformation. Wang
et al®" revealed the effects of different strain rates on twin

(22 revealed the effect

density and dislocation density. Lan et al
of loading direction on plastic deformation behavior by
applying loading of different directions onto single crystal
AZ31

mechanism of tensile asymmetry caused by different

magnesium alloy. Su et al® investigated the

deformation mechanisms of the magnesium alloy with initial
extruded silk texture through a modified viscoplastic self-
consistent model. Based on the crystal plasticity theory, a
single-crystal plastic constitutive model of AZ31 magnesium
alloy with different initial textures was established, including
the slip and twinning mechanisms. In addition, the volume

#2 was introduced into this model.

fraction of twin crystal'

Thus, in order to study the effects of initial textures on the
twins, texture evolution, and mechanical properties of AZ31
magnesium alloy during the compression process, the
magnesium alloy models were established based on the crystal
plasticity finite elements. The deformation textures of
magnesium alloys during the compressive process could be
achieved via the user-defined material interface (UMAT) in
finite element software. In order to verify the crystal plasticity
finite element model, cubic specimens along the axial and
radial directions were cut from the extruded AZ31 magnesium
alloy bar, and the uniaxial compression experiment was
conducted. The microstructure and deformed texture were
characterized by EBSD and then compared with the
simulation results. This research provided a theoretical basis
for processing and development of magnesium alloy.

1 Crystal Plastic Constitutive Model

1.1 Crystal plastic constitutive relation

Based on the crystal plasticity constitutive model, the
corotational stress rate (o) of Cauchy stress with the material
coordinate axis was established with the lattice elastic
deformation rate tensor D", as follows:

G+ (Q-Q)o-0(Q-Q)+0o(I:D")=LD" (1)
where o is the stress; [ is the second-order unit tensor; L is the
elastic tensor; € is the antisymmetric spin tensor; £'means
decomposable tensor into lattice parts.

The crystal slip obeys Schmidt criterion. Thus, the slip ratio
of arbitrary slip system a (y'*) depends on the Schmidt stress
with current stress o

7@ = pr@Po or@ 2)

where 7> is Schmidt stress with current stress o; p is the
density of material after deformation; p, is the density of
material before deformation of 1.78 g/cm’. According to the
abovementioned theory, 7' is equal to the maximum shear
component of the Kirchhoff stress which rotates with the
lattice, m"* is the normal to the slip surface of the slip system
in the deformed configuration; s*“ is the slip direction of the

slip system in the deformed configuration. The change of
Schmidt stress rate is as follows:

1 =m D[ + (D)~ Do+ oD )]s 3)
where " represents the corotational stress rate on the lattice
coordinate axis. The shear strain rate can be achieved through
the hardening equation based on the rate-correlated model in
this research.

1.2 Rate-correlated hardening of crystalline materials

The rate-correlated plastic limit is rate-independent.
According to the Schmidt criterion, the slip rate y“ of a-slip
system depends on the corresponding shear stress™, as

follows:
. S0 s
P = da | @

where ¢“) represents the reference strain rate; g represents
the current strength of the slip system; n represents the rate
sensitive index. With n—o, the strain rate is independent.

The strain hardening can be expressed by Eq.(5), as follows:

WA )

where £, is the hardening modulus of slip with & and § slip
systems; 5 represents a different slip system. /4, represents the
self-hardening coefficient of « slip system, and 4, represents
the latent hardening coefficient between o and f slip systems,

as follows:
h, = h(y) = h, sech?| 7 (6)
Ts - I-0
hy=qh(y) (a#p) @)

where 7, is the critical value of the initial partial shear stress;
7, is the partial shear stress; 4, is the hardening coefficient
when the material yields; ¢ is a constant; y is the Taylor
cumulative shear strain on all slip systems; A(y) is the
intermediate variable. Thus, y can be expressed by Eq.(8), as
follows:

t
=] |

where ¢ represents the time.
1.3 Expression of volume fraction of twin and grain

dr (8)

steering matrix
According to Ref.[27-28], the volume fraction of deformed

twin crystal f(7) caused by twinning can be expressed by
Eq.(9), as follows:

[ v
Yo
where 7 and £ are time variables; y, is the twin shear strain of

[29]

AZ31 magnesium alloy.
When the cumulative sum of volume fractions of deformed

Ju(r) = )

twins in all twin systems f(7) is greater than the turning
threshold, the twin crystals completely replace the parent
grains. The grains are turned along the direction of the largest
twin system in the twin crystals, and the turned twin crystal
orientation e, is as follows:

ew=02n&®n-1e, (10)
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where e , is the crystal orientation matrix of the untwinned
parent grains.

2 Experiment and Simulation

2.1 Experiment

Extruded AZ31 magnesium alloy bar with the diameter of
40 mm was used in this research. The compression specimen
of 8 mmx8 mmx12 mm was cut along the radial and axial
directions, as shown in Fig.1. TD, RD, and AD represent the
transverse direction, rolling direction, and advanced direction,
respectively. The loading direction was along the side with 12
mm in length of each specimen. The compression experiments
were conducted on WDW-E100D electronic universal testing
machine. The deformation degree was 4% and 8% at room
temperature, and the selected strain rate was 10~ s™'. Fig.2
shows EBSD microstructure of the transverse section (TD-
RD). It can be observed that the microstructure is composed
of isometric crystals with obviously different sizes. Most
grains are distributed at the grain boundaries, indicating that
the alloy bar undergoes dynamic recrystallization during the

cosp, sing, 0| 0 0 cosg, sing,
g=|-sinp, cosp, 0|0 cos® sin® ||-sing, cosg,
0 0 1[L0 —sin@® cos® 0 0

where ¢, ¢,, and @ are the Euler angles; u, , h, v, s, k, w, ¢,
and / represent the grain orientation.
2.2 Crystal plasticity finite element simulation

Fig. 3 shows the construction process of microstructure
model. Because the crystal plasticity constitutive model was
established based on rate-correlated mode in this research, the
initial microstructure was constructed by the Voronoi method,
and the crystallographic orientation was obtained from
experiment. The Euler angles of 1500 sets with the same
volume fraction were selected, and the Euler spatial
segmentation method was used to generate the initial
orientation for the model. Then, the X, Y, and Z axes
correspond to RD, TD, and AD, respectively. According to the
number of grains required for the model and the average grain
size measured by the experiment, the crystal plasticity finite
element model was established. The model size was 0.4 mmx
0.4 mmx0.6 mm and the model included 1500 units. Each unit

Fig.3
grain morphology
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Fig.1 Schematic diagram of compression specimen
hot extrusion molding process, and the initial grains gradually
change to the isoaxial crystals®™”.

In this research, the crystallographic orientation was
obtained from EBSD analysis for the rate-correlated crystal
plasticity finite element model. Three groups of Euler angles
were obtained. According to Eq. (11)PY, the Euler angle is
transformed into the cosine form of the crystal coordinate
system in the macro-coordinate system. Thus, the texture can
be predicted, as follows:

0 u r h
0O(=|v s k (11)
1 w t [

represented a grain and different colors reflected different
orientations. Therefore, the simulation model was established
and the accurate prediction of the deformation texture of the

magnesium alloy during compressive process was realized by

Schematic diagrams of microstructure model construction: (a) 3D EBSD microstructure; (b) 3D finite element model; (c) 3D simulated
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UMAT in the finite element software.
3 Results and Discussion

Fig. 4 shows the stress distribution nephograms of
constitutive models along radial and axial directions during
the compressive process. It can be seen that the stress
distribution inside and between the grains is uneven: the stress
at the grain boundary and inside the grains is increased with
increasing the deformation.

Fig. 5 shows the true stress-true strain curves of alloy
specimens along the axial and radial directions after different
deformation processes. During the compression along Z-axis,
the stress continues to rise, and the dislocation slip also
increases. When the dislocation slip of the initial slip system
increases to a certain extent, the radial yield strength and
tensile strength are lower than the axial yield strength and
tensile strength. The difference in initial texture leads to the
obvious anisotropy of compression behavior of AZ31 alloy.
Therefore, an appropriate initial texture can greatly improve
the forming and service properties of wrought magnesium
alloys.

Fig.6 shows the texture evolution in AZ31 alloy specimen
obtained along axial direction during compression process. It
can be seen that the simulation results of crystal plasticity
finite element model are in good agreement with the
experiment results, indicating that the crystal plasticity finite
element model can accurately predict the texture evolution
process of AZ31 magnesium alloys.

According to Fig. 6, because the initial texture is

representative, the simulation results are quite accurate. It is
found that a large number of grains along Z-axis in the alloy
bar are parallel to the axial direction, showing a strong basal
texture. When the deformation increases from 0% to 4%, the
grains at different positions rotate of a large angle, and the
pole density of the {0001} basal texture is dispersed along the
positive and negative directions of radial direction. The pole
density of the {1120} and {1010} basal textures changes
along the axial direction due to the angular rotation of grains
caused by twinning””. With increasing the deformation from
4% to 8%, the texture strength of the {0001}, {1120}, and
{1010} basal planes is all increased, the pole density does not
shift significantly, and the crystals appear in the crystal. The
grain tends to be orderly arranged to a certain extent. This is
because during the plastic deformation, the slip occurs
along the most densely packed plane of atoms, and the
crystal rotates together with the slip plane during the slip
process, which causes the orientation of grains in the crystal
to concentrate along a certain direction, thus forming a
texture.

Fig.7 shows the texture evolutions of {0001}, {1120}, and
{1010} basal planes in AZ31 alloy specimen obtained along
radial direction during compression process. The {0001} base
surface rotates perpendicular to the radial direction. With
increasing the deformation, the base surface rotates around the
stress direction, the base surface of most grains perpendicular
to the compression direction remains, and the polar density of
the {1120} and {1010} base textures is continuously offset in
the axial direction™.

Fig.8 shows the volume fractions of activated twin crystals

Fig.4 Cloud maps of stress distributions of constitutive models along radial direction (a) and axial direction (b) during compressive process
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Fig.5 True stress-true strain curves of AZ31 magnesium alloys

during compressive deformation of 4% (a) and 8% (b)

in AZ31 magnesium alloys. The twins continuously form
inside the grains during compression along the Z-axis. With
increasing the deformation, the volume fractions of twin
crystals is increased, and the grain orientation is changed by
the twinning, which is harmful to slip or twinning. The
crystallographic which
stimulates the further slip and promotes the continuous plastic
deformation.

orientation becomes favorable,

Fig. 9 shows the volume fraction curves of twin crystals.
When the deformation is 4%, the volume fraction of activated
twin crystal along axial direction is about 5%, and that along
the radial direction is about 40%. When the deformation is
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8%, the volume fraction of activated twin crystal along axial
direction is 10%, and that along the radial direction is about
70%, suggesting that the volume fraction of twin crystal along
radial direction is significantly higher than that along the axial
direction. In addition, the higher the volume fraction of radial
activated twin crystals, the lower the volume fraction of axial
activated twin crystals. During the axial plastic deformation,
due to the grain orientation and great change in magnesium
alloy, a small number of twin crystals nucleate inside the
grains. During the radial plastic deformation, the twin
behavior conforms to the Schmidt factor law: the grains with
large Schmidt factor preferentially nucleate, and the larger the
number of nuclei, the higher the volume fraction of twin
grains. Besides, the points of obvious twin crystal appearance
in the simulation coincide with those of stress mutation. When
the volume fraction of twin crystals reaches about 0.02, the
stress changes abruptly. The stress growth rate is reduced
sharply with increasing the strain. At this time, the crystal
orientation changes, which further stimulates the slip and
promotes the continuous plastic deformation. This result
reflects the influence of the coupling effect of slip and
twinning mechanisms on the mechanical properties of alloys.
Fig. 10 shows the grain boundary distributions of AZ31
magnesium alloys obtained along axial direction and radial
direction after compressive deformation of 8%. The grain
boundary of misorientation angle of 86°+5° is defined as the
stretched twin grain boundary, as indicated by red lines in
Fig. 10. It can be seen that the axial tensile twin crystals are
significantly less than the radial ones, and the simulated
volume fraction of activated twin crystals is consistent with
the experiment result, which further verifies the accuracy of
simulation model. It is also found that the ratio of the small
angle grain boundaries of the radial specimen is significantly
reduced, which is attributed to the higher volume fraction of
the tensile twin crystals, indicating that the main deformation

(1120

(1010)

Fig.6 Simulated (a) and experimental (b) texture evolution of AZ31 magnesium alloys obtained along axial direction
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Fig.8 Volume fractions of activated twin crystals in AZ31 magnesium alloys obtained along axial direction (a) and radial direction (b) after

compression
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Fig.9 Volume fraction curves of activated twin crystals of AZ31 magnesium alloys obtained along axial direction (a) and radial direction (b)

after compression

mechanism in the later deformation stage is tensile twinning number of small angle grain boundaries. Thus, the reduced
rather than slip. This is because the slip can produce a large small angle grain boundaries cannot be caused by the slip.
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Fig.10 Grain boundary distributions of AZ31 magnesium alloys obtained along axial direction (a) and radial direction (b) after compressive

deformation of 8%

4 Conclusions

1) Based on the rate-correlated crystal plasticity theory, a
magnesium alloy model with different textures is constructed,
including the slip and twinning mechanisms, and the volume
fraction of twin crystals is introduced.

2) The plastic behavior of crystals largely depends on the
initial texture of alloys. The difference in initial textures leads
to the anisotropy of compressive plastic deformation behavior.
The radial compressive yield strength and tensile strength are
low, and the axial compressive yield strength and tensile
strength are high.

3) During the compressive plastic deformation process,
with increasing the deformation, the volume fraction of
activated twin crystals is increased. The higher the volume
fraction of radial activated twin crystals, the lower the volume
fraction of axial activated twin crystals.

4) The points of obvious twin crystal appearance in the
simulation coincide with those of stress mutation. When the
volume fraction of twin fraction reaches about 0.02, the stress
changes abruptly. The stress growth rate is reduced sharply
with increasing the strain. At this time, the crystal orientation
changes, which reflects the influence of the coupling effect of
slip and twinning mechanisms on the mechanical properties of
alloys.
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