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Domains (1) and (2) have merged at about 375 ◦C in view of the higher efficiency range exhibited
by Domain (2).

The microstructure obtained on a specimen deformed at 300 ◦C/0.0003 s−1 in Domain (1) is shown
in Figure 7a. It exhibits fine grain size suggesting that dynamic recrystallization occurs in this domain.
At temperatures corresponding to this domain, basal slip along with prismatic slip occurs. In view of
the slower strain rates, the recovery mechanism that nucleates DRX will be climb of edge dislocations
involving lattice self-diffusion, although limited amount of cross-slip may be associated with prismatic
slip. Kinetic analysis of the temperature and strain rate dependence of flow stress has been conducted
using Equation (3). The variation of normalized flow stress with logarithms of strain rate is shown
in Figure 8a and the Arrhenius plot showing the variation of normalized flow stress with inverse
of absolute temperature is shown in Figure 8b. It may be noted that the kinetic rate equation is
obeyed within the deterministic domains. The stress exponent obtained in Domain (1) is 4.29 and
the apparent activation energy is 158 kJ/mole. For the mechanism of climb, which is controlled by
lattice self-diffusion, the activation energy is expected to be 135 kJ/mole [29]. The estimated value is
higher than that for lattice self-diffusion, suggesting that the high-volume fraction of Ca-containing
intermetallic particles causes considerable back stress enhancing the apparent activation energy.

  

  

Figure 7. Microstructures obtained on DMD processed AZ31-3Ca alloy deformed at (a) 350 ◦C/
0.0003 s−1 (Domain 1) (b) 400 ◦C/0.0003 s−1 (Domain 2) (c) 450 ◦C/10 s−1 (Domain 3), and (d) 300 ◦C/
10 s−1 (instability regime). The compression axis is vertical.
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Figure 8. (a) Variation of normalized flow stress with strain rate on natural logarithmic scale,
and (b) Arrhenius plot showing variation of normalized flow stress with inverse of absolute temperature
for DMD processed AZ31-3Ca alloy.

The microstructure obtained on a specimen deformed at 400 ◦C and 0.0003 s−1 near the peak
efficiency in Domain (2) is shown in Figure 7b which exhibits equiaxed dynamically recrystallized
structure. In addition, intercrystalline cracking has occurred during deformation. Firstly, in view of
the higher temperature range in which this domain occurs, second-order pyramidal slip occurs readily.
The availability of large number of intersecting slip systems and the higher stacking fault energy
(172 mJ/m2) [30] promote the occurrence of extensive cross-slip which nucleates DRX. Secondly, once
the fine-grained structure is produced by DRX, grain boundary sliding occurs since the strain rates are
slow resulting in wedge cracking and cracking along the grain boundaries. The high efficiency in this
domain (58%) and the steep increase in efficiency with decreasing strain rate (appearing as closely
space contours representing steep efficiency hill) are also indicative of such a grain boundary sliding
mechanism. Thus, the end result of deformation in this domain is grain boundary cracking, which is
not desirable.

The microstructure of a specimen deformed at 450 ◦C/10 s−1 (Domain 3) is shown in Figure 7c and
exhibits DRX. Within the temperature range in this domain (375–450 ◦C), basal, prismatic as well as
second-order pyramidal slip systems can cause deformation. However, since this domain occurs at
higher strain rates (0.1–10 s−1), the recovery mechanism is likely to be grain boundary self-diffusion
since lattice self-diffusion is a slower process and higher strain rates slow down recovery by cross-slip.
The apparent activation energy estimated in this domain (Figure 8) is 163 kJ/mole, which is higher
than the activation energy for grain boundary self-diffusion in Mg (95 kJ/mole) [30]. The apparently
higher value may be attributed to the back-stress caused by the large volume fraction of Ca-containing
intermetallic particles in the microstructure.

The processing map exhibits a regime of flow instability in the temperature range 300–310 ◦C at
strain rates higher than about 0.1 s−1. The microstructure of the specimen deformed at 300 ◦C/10 s−1

is shown in Figure 7d which reveals that the flow instability manifestation is adiabatic shear band
formation (marked by arrows). Cracking has occurred along the shear band due to high intensity of
localization which is nearly at 45◦ with respect to the compression axis.

An interesting feature exhibited by the processing map is the occurrence of a bifurcation in the
temperature range 325–425 ◦C and strain rate range 0.003–0.1 s−1, where the efficiency has reached a
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low value of 28%. This represents a region between the three domains identified above. In dynamic
systems terminology [31], the bifurcation is akin to a dissipative energy hill and may be viewed
as a saddle configuration. Processing under conditions of bifurcation will lead to microstructural
instability since any small perturbation will trigger a different mechanism surrounding the bifurcation.
The microstructures of the specimen deformed at 400 ◦C and at two strain rates (0.001 and 0.01 s−1)
near the bifurcation region are shown in Figure 9a,b. The microstructural instability is manifested
in terms of a combination of large and small grains in Figure 9a and very fine grains in Figure 9b,
revealing that microstructural control is difficult if processed around the bifurcation region.

  

Figure 9. Microstructures obtained on DMD processed AZ31-3Ca alloy specimens deformed at
(a) 400 ◦C/0.001 s−1 (b) 400 ◦C/0.01 s−1 (near bifurcation region).

The processing maps for DMD processed AZ31 [17], AZ31-1Ca [18], AZ31-2Ca [19] are compared in
Figure 10 with that obtained currently on AZ31-3Ca alloy at a strain of 0.7. The starting microstructure,
the characteristics of the different domains exhibited by the maps and the interpretations are shown in
Table 1. With increasing Ca content in AZ31, the volume fraction of Ca-containing intermetallic phase
(Mg,Al)2Ca increases and the grain size decreases to about 2–3 μm. The increasing volume fraction of
the intermetallic phase has an effect on the hot working behavior of AZ31.

  

Figure 10. Cont.
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Figure 10. Processing maps obtained at a strain of 0.7 on DMD processed (a) AZ31, (b) AZ31-1Ca,
(c) AZ31-2Ca, and (d) AZ31-3Ca alloys. The numbers indicated on the contours represent efficiency of
power dissipation expressed as percent.

Table 1. Details of (a,b) microstructural parameters, (c) temperature—strain rate ranges for domains,
(d) peak efficiency (η) conditions, (e) apparent activation energy (Qapp) and (f) proposed mechanisms
(DRX: dynamic recrystallization) in the various domains of processing maps for DMD processed AZ31,
AZ31-1Ca, AZ31-2Ca and AZ31-3Ca magnesium alloys.

Parameter
AZ31

(Ref. 17)
AZ31-1Ca
(Ref. 18)

AZ31-2Ca
(Ref. 19)

AZ31-3Ca
(current work)

Initial grain size, μm (a) 9 3 3 2–3

Phases in the
microstructure (b) Mg17Al12

(Mg,Al)2Ca
Al8Mn5

(Mg,Al)2Ca
Al8Mn5

(Mg,Al)2Ca
Al8Mn5

Domain (1)

(c) 300–350 ◦C
0.0003–0.01 s−1

300–375 ◦C
0.0003–0.01 s−1

300–375 ◦C
0.0003–0.03 s−1

300–375 ◦C
0.0003–0.003 s−1

(d) 300 ◦C/0.0003 s−1;
peak η: 39%

300 ◦C/0.0003 s−1;
peak η: 45%

350 ◦C/0.001 s−1

peak η: 37%
375 ◦C/0.0003 s−1;

peak η: 53%

(e) Qapp: 126 kJ/mole Qapp: 112 kJ/mole Qapp: 133 kJ/mole Qapp: 158 kJ/mole

(f)
DRX: Basal slip +
climb by Lattice

self-diffusion

DRX: Basal slip +
climb by lattice
self-diffusion

DRX: prismatic slip
+ climb by lattice

self-diffusion

DRX: Basal slip +
prismatic slip +
climb by lattice
self-diffusion

Domain (2)

(c) 350–450 ◦C
0.0003–0.01 s−1

400 – 450 ◦C
0.0003–0.01 s−1

375–450 ◦C
0.0003–0.03 s−1

375–450 ◦C
0.0003–0.003 s−1

(d) 425 ◦C/0.0003 s−1;
peak η: 46%

450 ◦C/0.0003 s−1;
peak η: 38%

450 ◦C/0.0003 s−1;
peak η: 48%

405 ◦C/0.0003 s−1;
peak η: 58%

(e) Qapp: 144 kJ/mole Qapp: 166 kJ/mole Qapp: 192 kJ/mole Qapp: 215 kJ/mole

(f) Wedge cracking Wedge cracking
Second-order

pyramidal slip
+cross slip

Grain boundary
cracking

Domain (3)

(c) 350–435 ◦C
1–10 s−1

325–390 ◦C
0.3–10 s−1

375–450 ◦C
0.3–10 s−1

375–450 ◦C
0.1–10 s−1

(d) 400 ◦C/10 s−1;
peak η: 26%

350 ◦C/10 s−1;
peak η: 32%

400 ◦C/10 s−1;
peak η: 38%

425 ◦C/0.1 s−1;
peak η: 35%

(e) Qapp: 127 kJ/mole Qapp: 87 kJ/mole Qapp: 166 kJ/mole Qapp: 163 kJ/mole

(f)
DRX: climb by
grain boundary

self-diffusion

DRX: climb by
grain boundary

self-diffusion

DRX: climb by
grain boundary

self-diffusion

DRX: climb by
grain boundary

self-diffusion
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The characteristics of Domain (1) did not change significantly although the temperature for peak
efficiency and the apparent activation energy have increased with increasing Ca content. In this
domain, DRX occurs by basal slip + prismatic slip and recovery primarily by climb of edge dislocations
controlled by lattice self-diffusion. The higher back-stress generated by the presence of intermetallic
particles increases the back-stress to dislocation generation as well as dynamic recovery process which
is responsible for moving the domain to higher temperatures and for higher apparent activation energy.

Domain (2) occurs in similar temperature range in all the alloys although the temperature at which
peak efficiency occurs increases in AZ31-1Ca and AZ31-2Ca alloys and decreases in AZ31-3Ca alloy.
The peak efficiency exhibits a high value in AZ31-3Ca alloy and the apparent activation energy is higher
than that for lattice self-diffusion in all the alloys. In view of the higher temperature in which this occurs,
DRX occurs by second-order pyramidal slip and recovery by cross-slip. The fine-grained structure
produced by this DRX process promotes grain boundary sliding during large deformation, which
results in wedge cracking and intercrystalline fracture. However, in AZ31-2Ca alloy, wedge cracking
did not occur since the grain boundary sliding process is restricted by Ca-containing intermetallic
particles. When the Ca content is further increased to 3%, the grain boundaries are weakened by a
large volume content of the particles resulting in intercrystalline cracking. Thus, processing in Domain
(2) which occurs at higher temperatures and lower strain rates, is not desirable since it results in
intercrystalline cracking except in AZ31-2Ca alloy.

Domain (3) moves to higher temperatures with increasing Ca content in AZ31. In this domain,
non-basal slip systems operate extensively to cause DRX. The recovery mechanisms of climb by lattice
diffusion and cross-slip to nucleate DRX are restricted in the high strain rate range at which this domain
occurs. Instead, recovery occurs by grain boundary self-diffusion. The apparent activation energy
values are higher than that expected for grain boundary self-diffusion (95 kJ/mole) [29] which may
be attributed to the higher back stress caused by the Ca-containing intermetallic particles. It may be
noted that much slower rates are required for recovery in AZ31-3Ca since a larger volume content
of Ca-containing intermetallic particles will be present at the grain boundaries slowing the rate of
recovery by grain boundary self-diffusion. In all the Ca-containing AZ31 DMD processed alloys, hot
working is probably best done in this domain.

5. Conclusions

The hot deformation mechanisms in DMD processed AZ31-3Ca alloy have been evaluated using
processing maps, and the behavior has been compared with that of base AZ31, AZ31-1Ca and AZ31-2Ca
alloys with a view to bringing out the effect of Ca addition. The following conclusions are drawn from
this investigation.

(1) Addition of 3% Ca to AZ31 refines the grain size and increases the volume fraction of (Mg,Al)2Ca
intermetallic phase, which is distributed uniformly in the microstructure.

(2) The processing map for AZ31-3Ca alloy exhibited three domains in the temperature strain
rate ranges: (1) 300–375 ◦C and 0.0003–0.003 s−1, (2) 375–450 ◦C and 0.0003–0.003 s−1, and
(3) 375–450 ◦C and 0.1–10 s−1.

(3) In Domain (1), DRX occurs when basal + prismatic slip associated with dynamic recovery by
climb controlled by lattice self-diffusion. In Domain (2), the plastic flow results in intercrystalline
cracking promoted by grain boundary sliding initiating wedge cracks. In Domain (3) that occurs
at higher strain rates, DRX occurs by non-basal slip with recovery by climb controlled by grain
boundary self-diffusion. This recovery is promoted by fine grain size in the alloy.

(4) The alloy exhibits some flow instability at lower temperatures and higher strain rates, and this
manifests as adiabatic shear bands.

(5) A comparison of processing maps on the Ca containing AZ31 alloys revealed that the hot
deformation mechanisms have not significantly changed by increasing Ca addition except in
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AZ31-2Ca alloy where wedge cracking is avoided in Domain (2) due to the reduction of grain
boundary sliding that is attributed to pinning by intermetallic particles.
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Abstract: Cuboid samples with significant initial texture differences were cut from extruded AZ31 Mg
alloy samples, whose long axis and bar extrusion direction ED were 0◦ (sample E0), 45◦ (sample E45),
and 90◦ (sample E90). The relationship among the initial texture, deformation mechanism, mechanical
properties, and texture evolution of the AZ31 Mg alloy was investigated systematically using a
compression test, microstructure characterization, and the Viscoplastic Self-Consistent (VPSC) model.
Results revealed a close relationship among them. By influencing the activation of the deformation
mechanism, the deformation under different initial textures resulted in obvious mechanical anisotropy.
Compared with E0 and E90, the initial texture of E45 was more conducive to the improvement of
reforming ability after pre-compression. Meanwhile, the initial texture significantly affected the
microstructure characteristics of the material, especially the number and morphology of the {10–12}
tensile twins. Texture results showed that the priority of deformation mechanism depended on the
initial texture and led to the difference in texture evolution.

Keywords: initial texture; deformation mechanism; mechanical properties; texture evolution

1. Introduction

Mg alloy has high specific stiffness, high specific strength, low density, and good damping
performance [1], hence an important choice for material application in the fields of communication,
military industry, and automobile [2–4]. AZ31 is one of the most widely applied variants among Mg
alloys. Experimental studies showed that the initial texture in the forming process of Mg alloy has a
remarkable effect on its material properties [5–10].

The rolling direction (RD) and transverse direction (TD) samples with distinct differences
in initial texture were subsequently subjected to the bending process that has been reported by
Wang [11] et al., and the results revealed that the conspicuous asymmetry in the bending behavior
is ascribed to the initial texture and weaker basal texture is favorable to improving the bending
properties. Singh [12] investigated and compared the micromechanical deformation behavior of E-form
fine grain (EFG), E-form coarse grain (ECG), and AZ31 Mg alloys by using a mini V-bending test.
The EFG and ECG Mg alloys with weaker texture have better bendability than the AZ31 alloys
with stronger texture. Xiong [13] investigated the asymmetrical planar mechanical behavior of an
extruded AZ31 sheet possessing bimodal texture distribution. The results indicated that the plastic
deformation mechanism activated in the c-axis//TD textured grains during rolling is sensitive to the
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rolling paths. Therefore, initial texture plays an important role in the plastic deformation of Mg
alloys. Wang [11] pointed out that the selection of a dominant mechanism is highly dependent on
the initial texture of Mg alloys, including the activation of {10–12} tension twins upon compression
perpendicular or tension parallel to the c-axis. Consequently, the difference in initial texture affects
the twin deformation [14–17], and the deflection of crystal orientation caused by twinning makes
the texture evolution more complicated [18–21]. Therefore, the relationship among initial texture,
deformation mechanism, mechanical properties, and texture evolution during plastic deformation of
Mg alloy must be studied.

The most commonly used technical methods for analyzing and studying material texture at
present are X-ray diffraction (XRD) and electron backscattering diffraction (EBSD) [22]. However,
the shortcomings of these two experimental methods are their high cost of testing, the difficulty of
sample preparation, and the long experimental period. On the basis of the common optical reflection
method, Gaskey [23] realized the grain orientation characterization of metal Ni and semiconductor
Si wafers under the directional reflection microscope (DRM). However, the disadvantage of this
experimental method is its inability to quantitatively study the effects of slip and twinning on texture
evolution. The proposed Viscoplastic Self-Consistent (VPSC) model [24,25] solves the problem of
studying metal plastic deformation from the perspective of microscopic deformation mechanism.
Su [26] et al. used the VPSC model with different deformation mechanisms to investigate the influence

of a secondary deformation mechanism (prismatic <a> slip, pyramidal <c+a> slip, and {10
¯
11}

compression twin) on mechanical response and texture evolution, and a VPSC model was established
to simulate the plastic deformation of magnesium alloy.

Chapuis [27] used VPSC to simulate the plastic deformation and deformed texture of Mg-3Al-1Zn
plate and compared them with the experimental observations. The results demonstrated that the {10–12}
extension twins are responsible for the main texture variations. Zhang [28] used VPSC to investigate
the in-plane anisotropy of a Mg alloy AZ31B-O sheet. The hexagonal close-packed crystallographic
structure, deformation twinning, and initial basal texture are responsible for the characteristic behavior
of Mg alloys. Alireza [29] also used VPSC to investigate the effect of alloying elements on Mg’s tensile
behavior, specifically the relative activity of different slip and twinning modes. The VPSC model has
been successfully applied to predict the mechanical behavior and deformation texture of Mg alloys
under different plastic deformations [30].

In this paper, E0, E45, and E90 cuboid samples along the long axis and extrusion direction
of 0◦, 45◦, and 90◦ were cut from the extruded AZ31 Mg alloy bar for a uniaxial compression
experiment at room temperature. The VPSC model and Predominant Twin Reorientation (PTR)
scheme [31] were used to simulate the mechanical behavior and texture evolution of the different
initial texture samples under uniaxial compression, and the anisotropic behavior and texture evolution
differences in Mg alloy samples were analyzed from the perspective of a microscopic deformation
mechanism. The microstructure and deformed texture were characterized by EBSD and compared with
the simulation results. The relationship among initial texture, deformation mechanism, mechanical
properties, and texture evolution were studied.

2. Materials and Methods

2.1. Sample Preparation

The extrusion direction of magnesium alloy is expressed by ED, and the transverse and normal
directions perpendicular to the extrusion direction are expressed by TD and ND, respectively.
In addition, 8 mm × 8 mm × 12 mm cuboids with different orientations were cut from extruded AZ31
Mg alloy samples, as shown in Figure 1b, whose long axis and bar extrusion ED were 0◦ (sample E0),
45◦ (sample E45), and 90◦ (sample E90), as shown in Figure 1a. Compression tests at a strain rate of
10−3 s−1 and loading direction along the long axis were carried out on the electronic universal testing
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machine (model: WDW-E100D) provided by Changchun new testing machine Co., Ltd in Jilin Province
of China at room temperature.

(b)  (a) ED 

(d) (c) 

200 m ED 
TD 

Figure 1. Sample shape and size: (a) schematic of samples; (b) compression samples; (c) inverse pole
figure map; (d) grain size distribution.

The original and compressed samples were cut to 10 × 7 × 6 mm in length, width, and height
to avoid damaging the electron microscope lens. After plastic deformation, EBSD was conducted
on the JEOL JSM-7800F field emission scanning electron microscope provided by Oxford Instrument
Technology (Shanghai) Co., Ltd in China to analyze the microscopic structure, crystal orientation,
and structural characteristics of the sample. Mechanical grinding and electrochemical polishing were
finished when preparing EBSD. In mechanical grinding, the sample was polished to 2000 # with
sandpaper until there was no scratch on the surface. Then, electrolytic polishing was carried out.
AC2 solution is used as a polishing solution, and the formula is shown in Table 1. The polishing
parameters are as follows: voltage 20 V, temperature −30 ◦C, polishing time 120 s, polishing current
0.03–0.08 A. The sample was cleaned with alcohol after polishing. The voltage of the EBSD data
collection is 20 kV, the inclination angle is 70◦, the current is 15 mA, and the working distance is 15 mm.
Channel 5 software is used to process the data collected.

Table 1. The prescription of AC2.

AC2 I 800 mL ethanol, 100 mL propanol, 18.5 mL distilled water, 10 g hydroxyquimoline, 75 g citric acid
AC2 II 41.5 g sodium thiocyanate
AC2 III 15 mL perchloric acid

The microstructure and grain size of the longitudinal section (ED–TD plane) of E0 sample were
characterized by EBSD, as shown in Figure 1c. Most of the initial samples had an equiaxed crystal
structure, and the average grain size was 25.5 μm, as shown in Figure 1d. According to the calculation
formula of standard deviation (SD), the SD was 0.73. Besides, some elongated grains were revealed
due to the grain stretching along the ED during extrusion.
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2.2. VPSC-PTR Model

The VPSC model considers the interaction between grains in polycrystals and assumes that
the grains are ellipsoid, and the model adopts the following rate-dependent continuous constitutive
model equation [24]:

εi j(x) =
∑

s
ms

ijγ
s(x) = γ0

∑
s

ms
ij

⎧⎪⎨⎪⎩ms
klσkl(x)

τs

⎫⎪⎬⎪⎭
n

= Mijklσkl(x) (1)

where τs denotes the critical shear stress, ms
ij =

1
2 (n

s
i b

s
j+bs

jn
s
i ) is the Schmid factor of the slip system/twin

system(s), ns and bs represent the normal direction (ND) of the slip/twin plane and the slip/twin
direction, respectively. εi j(x) and σkl(x) are the strain and stress partial tensors, respectively. γs stands
for the local shear rate acting on the slip system(s). γ0 represents the normalized coefficient, and n is
the rate sensitivity index. Mijkl stands for the viscoplastic convention and can relate the macroscopic
strain rate to the macroscopic deviatoric stress.

The critical shear stress τs is formed with the accumulation of shear amount in each grain.
Therefore, the evolution rules can be described by the Voce hardening model:

τs= τs
0+(τs

1+θ
s
1Γ)(1− exp(−θ

s
0Γ

τs
1
)) (2)

where Γ =
∑
s

Δγs is the cumulative shear of the grain, τ0 denotes the initial critical stress, θ0 stands

for the initial hardening rate, θ1 refers to the saturation hardening rate, τs
0 and τs

1 are the initial and
extrapolated critical shear stresses of mechanisms, respectively. Figure 2 depicts the specific definitions.

Figure 2. Physical meaning of hardening parameters for Viscoplastic Self-Consistent (VPSC) simulations.

In this study, PTR [31] is used to analyze the effect of twins on texture evolution during plastic
deformation. For grain g, γt,g is the shear strain caused by each twin t, and the corresponding twin
volume fraction is Vt,g = γt,g/St, where St is the intrinsic shear strain of twin system t.

The integral number of twins caused by all twin systems in all grains is called the cumulative
twin integral number:

Vacc,mode =
∑

g

∑
t

γt,g/St (3)

Through superimposition of the twin fraction of each incremental step, the cumulative twin
fraction is compared with the critical volume fraction caused by twins. Thus, the critical volume
fraction is defined as:

Vth,mode= Ath1+Ath2 Ve f f ,mode

Vacc,mode
(4)

where Ve f f ,mode is the effective twin crystal integral number, Ath1 and Ath2 are material constants.

98



Crystals 2020, 10 , 738

3. Results and Discussion

The input data on the crystallographic orientation required for VPSC modeling were extracted
from the EBSD map measured in Figure 1 through the orientation distribution function used by the
toolbox MTEX in MATLAB code, as described in the literature [32]. A total of 2000 discrete directions
with the same volume fraction were used for VPSC modeling. The input data required for modeling
were described in detail in the literature [26], hence not discussed here. The detailed procedure for the
calculation in the VPSC model has been well documented by Li et al. [33].

Given the different dominant deformation mechanisms of Mg alloys under different loading
modes, according to Figure 2, the hardening parameters of deformation mechanisms could be obtained
by simulating the stress-strain curves of specific loading experiments. The specific fitting method is as
follows: first, the hardening parameters of basal slip and prismatic slip were determined by fitting the
compression results of E90. Then, the hardening parameters of pyramidal slip were determined by
fitting the compression results of E45. Finally, the hardening parameters of tensile and compression
twinnings were determined using the compression results of E0. The results of the fitting curve are
shown in Figure 3. The differences in initial texture resulted in obvious mechanical anisotropy in the
stress-strain curves of various samples. In the initial pole figure of E0, most of the c-axis of the grain
was perpendicular to the ED; that is, the basal was parallel to the ED, resulting in a strong basal texture
in the initial pole figure distribution of Mg alloy, as shown in Figure 3c. When the E45 sample was
compressed, the initial texture was rotated along the ED direction by 45◦, and the resulting texture is
shown in Figure 3b. Similarly, the macroscopic strain rate and stress along the TD directions were the
loading conditions of the E90 sample, as shown in Figure 3a. Analysis of the stress-strain curves of the
different samples indicated that the stress-strain curves of E45 and E90 were similar to “S,” and the
flow stress of E90 was higher than that of E45. The stress-strain curve of E0 had a certain s-shaped
characteristic, but it was not significant, and its yield strength was slightly higher than that of E45
and E90. The stress-strain curves predicted by the VPSC model were in good agreement with the
experimental results and accurately reflected the stress-strain characteristics of each stage in the axial
tension and compression plastic deformation process.

 

Figure 3. Experimental (symbol) and simulated (line) stress-strain curves under uniaxial compression
and corresponding initial texture of (a) E0; (b) E45; (c) E90.

The optimal hardening parameters of different deformation mechanisms were determined,
as shown in Table 2. Results show that at room temperature, the critical resolved shear stress (CRSS)
of basal <a> slip [18] (approximately 0.45–0.81 MPa) < the CRSS of the {10-12} tension twin [19]
(approximately 2–2.8 MPa) < the CRSS of the prismatic <a> slip [34] (approximately 39.2 MPa) <
the CRSS of the pyramidal <c+a> slip [35] (approximately 45–81 MPa) < the CRSS of the {10-11}
compression twin [25] (approximately 76–153 MPa) of magnesium and its alloys. Table 2 presents that
the CRSS of the overall size order is consistent with the research value. Optimal hardening parameters
play an important guiding role for future researchers to study the macro- and micro-deformation
mechanisms of magnesium alloys.
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Table 2. Hardening parameters of each slip and twinning system in the simulation of Mg alloy under
monotonic loading.

Deformation Mode τ0/MPa τ1/MPa θ0/MPa θ1/MPa

Basal <a> 28 60 185 16
Prismatic <a> 85 10 200 250

Pyramidal <c+a> 110 15 120 400
Extension twin 45 0 150 400

Compression twin 210 100 345 400

Figure 4 shows the prediction results of the relative activating amount of the deformation
mechanism during the compression deformation of samples with different initial textures. At the initial
stage of deformation, the deformation mechanism of E0 was dominated by tensile twin, supplemented
by basal slip. The dominant deformation mode of E45 and E90 was basal slip, supplemented by tensile
twin, while CRSS tensile twin > CRSS basal slip. As a result, the yield stress of E0 was slightly greater
than that of E45 and E90. Figure 4a illustrates that when E0 was compressed, the activation of the
tensile twin decreased as the compression amount continued to increase, and the activation of the basal,
prismatic, and pyramidal slips increased. This finding was attributed to the twin growth and fusion
behavior of the specimen in the later stage of deformation [19], resulting in a surface phenomenon,
wherein the twin volume fraction decreases due to the disappearance of twin boundaries. Figure 4b,c
show that E45 and E90 also had a small role in the activation of tensile twins at the initial deformation
stage. During the compression process of E45 and E90 samples, the c-axis of the grain was in a state of
tensile stress for the part of the grain nearly perpendicular to the direction of the application, which was
conducive to the activation of tensile twins. With the increase in strain, the activity of the pyramidal
slip of E90 was significantly greater than that of E45, while the pyramidal slip of CRSS was higher.
This difference was reflected in the stress-strain curve, where the flow stress of E90 was higher than
that of E45 [22].

 

(b) 

(c) 

(a)  

Figure 4. Predicted relative activity of deformation modes under uniaxial compression of (a) E0; (b) E45;
(c) E90.
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Figure 5a–c shows the predicted and experimental texture with axial compression of E0, E45 and
E90 samples to 8% by using the VPSC model. Through comparison, it can be seen that the simulation
results with 2000 gains are in good agreement with the experimental results, which reasonably reflects
the texture evolution during compression of the E0, E45 and E90 samples and verified the accuracy of
the VPSC model in simulating the texture evolution of magnesium alloy in this study.

 
Figure 5. Experimental and Simulation pole figures under uniaxial compression to 8% of (a) E0 sample;
(b) E45 sample; (c) E90 sample.

Figure 6 shows the prediction results of {0001} pole figure during uniaxial compression of the
samples with different initial textures. As shown in Figure 6a, when E0 was compressed to ε =

0.02, a large peak value was rapidly formed in the TD direction of the {0001} grain, while the peak
value near the ND direction was weakened due to the activation of {10–12} tensile twins (Figure 3a).
This activation resulted in a mutation of ~90◦ in the grain c-axis, with {0001} basal deflected from
parallel to compression direction to perpendicular to compression direction. With the increase in strain,
the number of tensile twins increased, the peak value in the TD direction continued to increase, and the
strength peak near the ND direction gradually disappeared. Besides, the orientation peak dispersion
in the TD direction of {0001} surface increased slightly with the increase in strain, possibly due to the
formation of new grains at the intersection of the twins brought by dynamic recrystallization similar to
that in the original tensile twins but with slight deflection [36,37]. As shown in Figure 6b, when E45
was compressed to ε = 0.04, the peak value of the strength of {0001} plane turned to near the direction
of force application (direction 2). The reason was because when it was compressed along direction 2,
the deformation mechanism at the initial stage of deformation was dominated by basal slip (Figure 4b),
which could not change the grain orientation, and the grain rotated slowly under the restrictions of
loading direction, structural integrity, and deformation continuity. With the increase in stress, the shear
stress of the tensile twin started to activate upon reaching the corresponding shear stress, making the
texture gradually change from the original position of 45◦ from the compression direction to the ED
direction. Figure 6c shows that the dominant deformation mechanism of E90 at the initial deformation
stage was the basal slip (Figure 4c), most of the grains rotated continuously and gradually, and the
normal of {0001} basal rotated parallel to the compression axis. With the increase in strain, the peak
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strength was always near the TD direction. The disappearance of the polar density in the center of the
map was the result of the mutation of grain orientation caused by the effect of tensile twin.

 

Figure 6. Predicted texture evolution of {0001} pole figure under uniaxial compression to different
strain levels of (a) E0; (b) E45; (c) E90.

In summary, for E0 and E90 after uniaxial compression plastic deformation, the {0001} surface of
most grains either turned to the compression direction or remained perpendicular to the compression
direction all the time. The {0001} surface of this part of the grain was always in hard orientation,
which was not conducive to the activation of slip. Thus, the reforming ability after pre-compression
could not be improved. In the uniaxial compression of the E45 sample, the initial deformation was
dominated by basal slip, and the grain c-axis rotated slowly parallel to the direction of the application
of force, which was beneficial for improving the reforming ability after pre-compression.

Figure 7a–c shows the grain boundary structure maps, typical grain EBSD maps, {0001} pole
figure, and grain boundary misorientation maps of the different initial texture samples when they were
uniaxially compressed to 0.08. In the grain boundary structure maps, the grain boundary satisfying
the orientation relation of 86.3◦ ± 5◦ was defined as the stretched twin grain boundary, which was
represented by the solid red line. Meanwhile, low-angle grain boundaries (LAGBs) and high-angle
grain boundary (HAGBs) fractions could be confirmed by observing the misorientation boundary
fraction from EBSD. In E0, the color of the EBSD maps of grain Ma showed that grain Ma underwent
twin growth and fusion behavior. This finding also explained the illusion that the tensile twins decrease
or even disappear in the later stage of compression deformation along the ED direction [38]. The pole
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figure of E45 and E90 showed that the basal plane of parent grain Mb and Mc tended to be parallel
to ED direction and was located near the center of the polar diagram. In addition, the activation
of tensile twins caused the grain c-axis to deflect ~90◦, as shown in the twin Tb and Tc in the pole
figure. Comparison of the experimental and simulation results of the different sample pole figures
demonstrated that a small amount of polar density still remained in the center of the experimental
pole figure of E45 and E90. The reason was because in the VPSC model, the PTR scheme assumes that
when the cumulative twin fraction exceeds the critical volume fraction, the entire grain orientation
changes, thereby ignoring the parent grain orientation. The disappearance of polar density in the
center of E0 again proved the growth and fusion behavior of the stretched twins. When comparing
the grain boundary misorientation maps of different samples, a slight decrease in LAGBs may be
ascribed to the increased fraction of the {10–12} tension twin in E90. This finding indicated that the
main deformation mechanism in E90 was the tension twin instead of the slip, whose activation could
produce profuse LAGBs.

 

Figure 7. Boundary structure maps, electron backscattering diffraction (EBSD) maps of typical grain,
{0001} pole figure, and grain boundary misorientation map under uniaxial compression to 8% of (a) E0;
(b) E45; (c) E90. (LAGBs: low angle grain boundaries between 0◦and 15◦; HAGBs: high angle grain
boundaries higher than 15◦).

4. Conclusions

On the basis of the VPSC model and experimental methods, the relationship among initial texture,
deformation mechanism, mechanical behavior, and texture evolution during the plastic deformation of
Mg alloy was studied, and the following conclusions were drawn:

(1) The obvious difference in initial texture led to obvious anisotropy of the compression behavior
due to the influence in the activation of the deformation mechanism. At the initial stage of
deformation, the compressive yield strength of E0, with tensile twins as the dominant deformation
mechanism, was slightly higher than that of E45 and E90. The activity of the pyramidal slip was
high in the compression process of E90, thereby leading to high flow stress.
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(2) Initial texture played an important role in texture evolution during compression by influencing
the priority of deformation mechanism. The large activation of the tensile twin in E0 made the
{0001} basal plane deflects perpendicular to the compression direction. The activation of the basal
slip of E45 and E90 caused the grain c-axis to rotate slowly parallel to the direction of application,
and the initiation of the tensile twin caused the {0001} plane to slowly turn perpendicular to
the ED direction. Compared with E0 and E90, E45 was more conducive to the improvement of
reforming ability after pre-compression.

(3) The difference in microstructure among the three samples was attributed to the number and
morphology of the {10–12} tensile twins, which were mainly due to the obvious difference in
initial texture.
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