Rare Metal Materials and Engineering
Volume 51, Issue 8, August 2022
Available online at www.rmme.ac.cn

(1111 .
9‘3 Science Press

Cite this article as: Li Yuyu, Han Tingzhuang, Chu Zhibing, et al. Effect of Strain Path on Mechanical
Behavior of AZ31 Magnesium Alloy[J]. Rare Metal Materials and Engineering, 2022, 51(08): 2785-2793.

Effect of Strain Path on Mechanical

Magnesium Alloy

Li Yuyu', Han Tingzhuang’?, Chu Zhibing',

Gao Hong®

Xue Chun',

Behavior of AZ31

Yang Qianhua', Zhao Xiaodong',

" College of Materials Science and Engineering, Taiyuan University of Science and Technology, Taiyuan 030024, China; ? School of Materials
Science and Engineering, Northwestern Polytechnical University, Xi’an 710072, China; ®Jiangsu Wuijin Stainless Steel Co., Ltd, Changzhou

213000, China

Abstract: Extruded AZ31 magnesium alloy was used as raw specimens, and pre-deformation experiments were conducted in the
direction of //ED (extrusion direction) and LED at room temperature. The instantaneous deformation stress state of a cross-sectional
reduced wall was simulated in the cold Pilgering process. Then, the pre-deformed specimens were sampled for secondary

compression, and the microstructure after two deformations was characterized by electron backscatter diffraction. The effects of

structure and texture on mechanical behavior under the condition of strain path change were investigated. Results show that the yield

strength of the AZ31 magnesium alloy is improved by pre-deformation. The improvement is attributed to the {1012} tension twins

resulting from the pre-deformation, further resulting in grain refinement and increase in dislocation density. Moreover, the appearance

of twinning changes the grain orientation. The weakening of the basal texture (or the strengthening of the twin texture) may play an
important role in improving the mechanical properties of the AZ31 magnesium alloy. The yield strength of the //ED-3% and LED-3%

samples is increased by 66.7% and 6.6%, respectively.
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Magnesium and its alloys are lightweight structural
materials whose density is approximately 30% lower than that
of aluminum alloy and a quarter of that of steel. As structural
materials, magnesium alloys have attracted extensive attention
in the automotive and aerospace fields"”. However, the
critical resolved shear stress (CRSS) ratio of the non-basal slip
to the basal slip of a wrought magnesium alloy at room
temperature is large, and the independent slip system at room
temperature is limited; these conditions lead to the poor
formability of the wrought magnesium alloy, which seriously
restricts its development®™,

The deformation behavior of metal materials during single
loading is substantially different from that during multiple
loading. The strain path dependence of a single loading has
been well studied for magnesium alloys. Park et al” studied
the tension-compression asymmetry of a randomly textured
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cast magnesium alloy according to its {1012} twinning
characteristics. Wang et al'” used electron backscatter
diffraction (EBSD) to investigate the twinning activity of the
AZ31 magnesium alloy under uniaxial compression at room
temperature. Su et al''! studied the effect of initial texture of
the AZ31 magnesium alloy on its {1012} twinning variant
selection mechanism. However, with respect to practical
engineering applications, the deformation mechanism of the
magnesium alloy under a multi-directional stress state and a
complex strain path is rarely studied. Hou et al™” integrated
{1012} tension twins into an AZ31 magnesium alloy sheet
during compression deformation at room temperature along
the TD direction and found that the material’s yield strength
and ultimate strength increase significantly during secondary
compression along the RD direction. Song et al'” found that
pre-deformation can introduce dislocations and produce a
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large number of tension twins. On the one hand, the existence
of twins can make the crystal rotate and change grain’ s
textural strength and type. On the other hand, the interaction
of twins can refine the grain. Wang et al' found that the
compression-extrusion —process
refinement and textural weakening and effectively improves
the tension/compression asymmetry of extruded magnesium
alloy rods without sacrificing their strength. Some studies

greatly influences grain

show that a tube is in a multi-directional stress state and can
form under the complex strain path during cold Pilgering!*'".
Moreover, the textural characteristics after deformation can
greatly influence the succeeding deformation process. There-
fore, the textural evolution characteristics and deformation
mechanism of a sample in this region need to be analyzed.

In this study, on the basis of the analysis of the cold
pilgering process, the AZ31 magnesium alloy bar was cut into
cubes and pre-deformed at room temperature along //ED
(extusion direction) and LED to simulate the instantaneous
deformation stress state of the cross-sectional reduced wall
(i. e., “two compressions and one tension”). Then, the pre-
deformed sampled for secondary
compression. The mechanical behavior of the AZ31
magnesium alloy in different strain paths was analyzed by
EBSD to reveal the deformation mechanism of tube

specimens ~ were

formation. The findings can provide a theoretical basis for
tube formation and expand the application of magnesium
alloy tubes.

1 Experiment

1.1 Pre-deformation

Fig. la shows a cold Pilgering model that is mainly
composed of a top roll, a bottom roll, a tube, and a mandrel.
The process action explored in this study follows the
characteristics of the presented model. The mandrel keeps
motion under the restriction of a chuck, and the top and
bottom rolls can move back and forth. The tube forms by
continuous quantitative feeding and quantitative rotation.
Fig. 1b presents a schematic diagram of the stress
characteristic location in the instantaneous deformation of the
cross section of a tube in the reduced wall section. Region I is
selected for stress analysis. The circumferential stress o, and
radial stress o, represent compressive stress, whereas the axial
stress o, represents tension stress.

A physical simulation experiment was performed on the
tube deformation in the reduced wall section based on the
abovementioned analysis. The mold shown in Fig.2 has been
designed for physical simulation at room temperature. The die
was composed of the punch, die, adjusting gasket, wedge
block 1, wedge block 2, and pre-deformation sample. The
sample was placed in the die for pre-deformation and
subjected to two-way compression and one-way tension. The
adjusting gasket was designed to control the amount of pre-
deformation.

Fig. 3 shows the stress distribution of the pre-deformed
sample, which can be roughly divided into three regions. The
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Fig.1 [Illustration of the tube cold Pilgering process and section
stress analysis: (a) cold Pilgering model; (b) stress
characteristic location in the instantaneous deformation of the

cross section of a tube in the reduced wall section
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Fig.2 Overall assembly drawing of mold
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Fig.3 Distribution of stress structure of pre-deformed sample: (a)

simulation diagram and (b) simplified schematic
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stress of region I is the largest, followed by region II, whereas
region III is hardly deformed. The corresponding regions are
called large deformation region (I), free deformation region
(IT), and difficult-to-deformation region (III).

The raw material used in this study was a commercially
extruded AZ31 magnesium alloy with a diameter of 40 mm.
As shown in Fig. 4, the pre-deformation sample (20 mmx27
mmx30 mm) was obtained by wire cutting. Two kinds of pre-
deformation experiments at a constant strain rate of 10° s’
were carried out on the electrical servo motor testing machine
(model: WAW-1000) provided by Changchun Kexin Test
Instrument Co., Ltd in Jilin Province of China at room
temperature. The experiments for the loading axis that was
positioned parallel and perpendicular to the extrusion
direction (ED) were called LED and //ED, respectively. The
surface characterized by EBSD before and after deformation
was explored on the EDXTD side.

Fig. 5 shows the IPF diagram, grain boundary
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Max strength=11.18
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misorientation, and {0002} and {1010} pole figures on a
longitudinal section extruded bar before deformation. The
EBSD technique is used for the measurement. The initial
structure of the extruded bar is mainly composed of equiaxial
grains (Fig. 5a). The base plane of most grains of the initial
sample is almost parallel to the ED direction, and the { 1010 }
plane of most grains is perpendicular to the ED direction. The
textural strength of the base surface can reach 11.18. The
small-angle (2°~15°) grain boundary accounts for 9%, where-
as the large-angle (>15°) grain boundary accounts for 91%.
1.2 Secondary compression

The large deformation area (I) of the pre-deformed sample
is shown in Fig. 6a. The 3% pre-deformed samples are
numbered as //ED-3% and LED-3%. For comparison, the
samples without pre-deformation are numbered as //ED-0%
and LED-0%, and the compression sample is 6 mmx8 mmx
12 mm cuboid, as shown in Fig. 6b. The secondary
compression experiments were carried out by the electronic
universal testing machine (model: WDW-E100D) provided by
Changchun Kexin Test Instrument Co., Ltd in Jilin Province
of China at room temperature. The loading direction was 12
mm, and the selected strain rate was 107 s™.

2 Results and Discussion

2.1 Pre-deformation

Fig. 7, which includes the IPF diagram, grain boundary
structure diagram, and {0002} and { 1010 } pole figure, shows
the EBSD results of the pre-deformed samples under different
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Fig.5 Initial microstructure characteristics of as extruded AZ31 magnesium alloy: (a) IPF diagram, (b) grain boundary misorientation, (c) {0002}

pole figure, and (d) {1010} pole figure
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Fig.6 Sampling method of secondary compression sample: (a) samp-

ling position and (b) the secondary compression sample

strain paths. The red line represents the { 1012 } tension twin.
The blue line represents the { 1011} compression twin. The
purple line represents the { 1011 }-{ 1012 } double twin. The
volume fraction of the twins is shown in Table 1. As shown in
Fig.7a, a large number of { 1012 } tension twin lamellae are
formed in the //ED-3% grains of the pre-deformed sample,
and the content is approximately 30.9% (Table 1). This
configuration indicates that the deformation is dominated by
twinning in the pre-deformed stage. The average grain size is
10.9 pm due to the subdivision of twin boundary grains"”.
When the sample is compressed along the ED direction, it is
in the compression loading state and positioned perpendicular
to the c-axis. A low CRSS of the matrix means that the
condition is favorable for the formation of {1012} tension

Max strength=7.26

twins and can adapt to the compressive strain"®, The {1012 }
tension twin causes the c-axis of the grain oriented on the base
plane to turn by approximately 86°"'". This condition weakens
the {0002} strong basal texture. The c-axis is perpendicular to
the ED direction, whereas the formation of the c-axis twin
texture is parallel to the ED direction. In addition, the polar
density of the { 1010 } prismatic texture gradually shifts to the
TD direction, as shown in Fig. 2. The number of {1012}
tension twins in LED-3%, with an average grain size of 13.2
um, is much less (7.19%) than that in //ED-3%. When the pre-
deformation direction is LED, the formation of the {1012}
tension twins becomes less apparent, and a slip dominates the
plastic deformation. However, in the process of pre-defor-
mation, twinning also exhibits part of the regulating effect on
deformation. The {0002} strong basal texture gradually
transforms into a twin texture whose c-axis is parallel to the
TD. As shown in Fig. 7, {1011} compression twins and
{1011 }-{ 1012 } double twins can be slightly observed, which
may be attributed to the effect of pre-deformation.

Fig. 8 shows the Kernel Average Misorientation (KAM) of
the pre-deformed samples under different strain paths. The
KAM diagram can be used to illustrate the dislocation density
and strain degree of microstructure®™?'". Although only
geometrically necessary dislocations need to be considered
when evaluating stored energy, KAM can also offer a good
indication of regions with high storage strain and dislocation

{1010}

Max strength=8.98

s (1012} tension twin, 86°< 1120 > s {1071} compression twin, 56° <1120> == {10T1} - {1012} double twin, 38°<1120>

Fig.7 Microstructures and pole figures of pre-deformed samples: (a) /ED-3% and (b) LED-3%
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Table 1 Volume fraction of twins in pre-deformed samples

(vol%)

Twin type //ED-3% 1ED-3%
{1012} 30.90 7.19
{1011} 0.08 0.30

{1011 }-{ 1012 } 0.03 0.14

density™. The green and red areas in the figure represent high
KAM values, while the blue area represents low KAM values.
As shown in Fig.8a, a large number of twin bands form in the
//ED-3% grains of the pre-deformed sample. The strain is
concentrated near the twin boundary, which acts as an obstacle
to the dislocation slip, resulting in a significant increase in
dislocation density™™. Meanwhile, in LED-3%, the dislocation
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Fig.8 KAM diagrams of pre-deformed samples: (a) //ED-3% and (b) LED-3%

walls are distributed in most of the grains. Only a few parts of
the larger grains have relatively small dislocations and strains,
and the storage strain energy is low. The average KAM values
of pre-deformed //ED-3% and LED-3% samples are 1.06°
and 1.15°, respectively.

2.2 Secondary compression experiment

Fig. 9 shows the stress-strain curves of the pre-deformed
samples under secondary compression in which the anisotropy
is obvious. Its relative compression performance is shown in
Table 2. The //ED-0% sample without pre-deformation has a
low yield strength of 87 MPa and compressive strength of 300
MPa. However, the stress-strain curve changes after 3% of
pre-deformation, and the curve is in the shape of “S”. The
yield strength is 145 MPa, and the ultimate strength is 400
MPa. The mechanical properties of the samples in the two
states are subsequently compared. Given the high-density twin
layer and the dislocation hardening, the twinning after the pre-
deformation has induced a refinement hardening based on the
density of the twin lamellae”". The twin boundary hinders the
dislocation movement, illustrative of the Hall-Petch effect™!
causing the yield strength and ultimate strength to increase
significantly during the secondary compression. For the LED-
3% sample, the refinement and hardening are weak due to the

5

low density of the twin layer. The increase in yield strength is
a result of the dislocation hardening. The yield strength of
//ED-3% and LED-3% is increased by 66.7% and 66%
compared to that of //ED-0% and LED-0%, respectively.

Fig. 10 shows the relationship between the work hardening
rate 0 and net strain (¢~ ¢,,,) of the pre-deformed samples
during secondary compression. The initial work hardening
rate of the //ED-3% and LED-3% of the pre-deformed

samples is increased, and the work hardening rate is gradually
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Fig.9 Stress-strain curves of the pre-deformed samples under

secondary compression
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Table 2 Mechanical properties of pre-deformed samples under

secondary compression

Sample Yield strength/MPa Ultimate strength/MPa
//ED-0% 87 300
//ED-3% 145 400
LED-0% 121 378
1ED-3% 129 350
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Fig.10  Strain hardening rate curves of pre-deformed samples during

secondary compression

decreased with the increase in strain. Previous studies have
shown that the strain hardening rate curve can be divided into
three stages as follows. In stage I, the strain hardening rate
decreases with the appearance of the basal slip and tension
twins. In stage II, the slip, twinning, and slip interaction and

&

{0002} {1010}

{002) ' {1010}

Max strength=11.25

Max strength=16.68

the formation of a double twinning promote strain hardening,
but the formation of { 1012 } tension twinning causes the grain
orientation to change to the “hard” direction. The strain
hardening rate of the textural strengthening is also increased.
In stage III, the strain hardening rate reaches the peak value
upon completion of the twinning in the twin saturation region.
At the same time, the ability of the twins to block the
dislocation movement 1is reduced because of stress
concentration, further leading to the dislocation locking at the
twin interface and the decrease in strain hardening rate %",

As shown by the LED-0% sample in Fig. 10, with the
further increase in the strain, the deformation speed of the
sample slows down, and a platform appears in stage II (strain
of 5%~10%). Although //ED-3% has no obvious plateau in
stage II, the curve undergoes two slope changes. The twin
intersection and dislocation accumulation at the twin
boundary are longer for LED-0% (or //ED-3%) sample
compared with those of LED-3% (or //ED-0%) sample. The
flow stress accumulates in the sample, and the strain
hardening increases significantly, resulting in a corresponding
increase in ultimate strength. This trend is consistent with the
finding of Wang et al®”. The work hardening in stage II does
not appear in //ED-0% and LED-3%, and the strain
hardening rate gradually decreases with the increase in strain
until the sample is broken.

Fig. 11, which includes the IPF diagram, grain boundary
structure diagram, {0002} and { 1010 } pole figure, shows the
EBSD results of the pre-deformed samples after 8% of
secondary compression. Fig. 12 shows the KAM diagram of
pre-deformed samples after secondary compression to 8%.

{0002} » {1T0) {0002} {1010}

» Max strength=12.56

 Max strength=12.49

——{1012} tension twin, 86°<1120> === {1011} compression twin, 56° <1120> == {1011} - {1012} double twin, 38° <1120 >

Fig.11 Microstructures and pole figures of the pre-deformed samples after secondary compression to 8%: (a)//ED-0%, (b)//ED-3%, (c) LED-

0%, and (d) LED-3%
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Fig.12 KAM diagrams of pre-deformed samples after secondary compression to 8%: (a)//ED-0%, (b)//ED-3%, (c) LED-0%, and

(d) LED-3%

Table3 Twin volume fraction of pre-deformed samples after

secondary compression to 8% (vol%)

Twin type //ED-0% //ED-3% L1ED-0% LED-3%
{1012} 2.47 3.00 11.50 2.11
{1011} 0.18 0.02 0.07 0.12

{1011}-{1012} 0.34 0.06 0.05 0.31

The volume fraction of the twins is shown in Table 3. The
average grain size of /ED-3% (or LED-3%) is smaller than

that of //ED-0% (or LED-0%), and the volume fraction of the
{1012 } tension twins is lower than that of the pre-deformed
samples. The decrease in twin boundary with the increase in
strain can be explained by the growth and combination of the
secondary
corresponding decrease of the { 1011} compression twins and
the increase of the {1011}-{1012} double twins become
apparent (Table 3). At the same time, as the pre-deformed

tension twins during compression”™.  The

samples is in stage II of machining hardening when the
secondary compression reaches 8%, the twin volume fraction
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also indicates that the accumulation of flow stress of LED-0%
(or //ED-3%) is higher than that of _LED-3% (or //ED-0%).
Compared with the initial texture shown in Fig.5 and Fig.7a,
the {0002} strong basal texture of the //ED-0% and //ED-3%
samples whose c-axis is perpendicular to the ED direction
disappears, and a twin texture whose c-axis is approximately
parallel to the ED direction is formed. The textural strength of
//ED-3% 1is greater than that of //ED-0%. The findings
suggest that the enhancement of the twin texture may play an
important role in the secondary compression process.
Similarly, 1ED-3% has a texture whose
approximately parallel to the TD. Compared with the findings
for LED-0%, the {0002} basal textural strength of LED-3%
is almost unchanged, indicating that the plastic deformation
process in the LED direction is mainly dominated by a slip.

c-axis is

These twin textural characteristics are consistent with the
results of the {1012} twin texture of other magnesium
alloys™"*?.

As seen in Fig.12, almost all grains of the //ED-0% sample
have a high dislocation density and strain after the single-pass
compression, and the average KAM value is 1.12°. Given the
high dislocation density and high strain in the pre-deformed
sample (Fig. 8a), the interaction between dislocation and twin
boundary will be enhanced during the secondary compression,
which is helpful in increasing the pinning effect of the twin
boundary movement™”. Moreover, as the change in orientation
is drastic, the position of the grain boundary cannot be easily
distinguished. The dislocation walls are densely distributed
KAM value for this
configuration is 1.33°. Similarly, as shown in Fig. 12¢ and
12d, the LED-0% sample without pre-deformation mainly
produces dislocation walls near the grain boundaries, but the

and intertwined. The average

distribution of dislocation walls in the grains is relatively
sparse (average KAM value of 0.80° ). After the pre-
deformation, a strain concentration appears in the grain during
secondary compression, and the strain concentration at the
grain boundary increases gradually (average KAM value of
1.37°). The above analysis further indicates that the generation
and accumulation of the dislocations are enhanced during
secondary compression due to the change in the strain path. At
the same time, the growth of tension twins is hindered by the
dislocations, and the interaction between dislocations and twin
boundaries is strengthened, resulting in a small increase in the
{1011}-{1012} double twins (Table 3).

3 Conclusions

1) More dislocations and strains are produced during
secondary compression of AZ31 magnesium alloy because of
the pre-deformation. Moreover, with the initiation of the
{1012 } tension twins during pre-deformation, a large amount
of strain energy is accumulated in the sample. The interaction
between the dislocation and the twin boundary is enhanced
during the secondary compression, resulting in the increase in
dislocation density.

2) Pre-deformation direction is of great significance in
improving the yield strength of the secondary compression.

The yield strength of //ED-3% and LED-3% is increased by
66.7% and 6.6% compared to that of //ED-0% and LED-0%,
respectively.

3) When the pre-deformation direction is //ED (or LED),
the {0002} basal texture disappears gradually, and the twin
texture whose c-axis is parallel to the ED (or TD) increases
gradually. With 8% of secondary compression, the twin
texture completely changes to the direction of c-axis, making
it parallel to the ED (or TD).

4) Both the increase in grain refinement and dislocation
density are the main reasons for the increase in the yield
strength of the secondary compression. However, for //ED-
3%, the weakening of the basal texture (or the strengthening
of the twin texture) may play an important role in improving
the mechanical properties of the AZ31 magnesium alloy.
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