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Abstract: AZ31 magnesium alloy sheets were fabricated by repeated bending−flattening deformation (RBFD) using 
dies of various angles. The microstructure evolution and deformation behaviors of the AZ31 Mg alloy during RBFD 
were investigated by FEM, OM, EBSD and hardness tester. The results suggest that the 150°/150° die exhibits the 
superior performance across all three groups. With an increase in passes, the effective strain of the alloy is significantly 
improved due to the positive impact of shear and bending. After four passes, the average grain size can be significantly 
refined to 1.7 μm, and a weaker basal texture can be obtained compared to the initial one due to non-basal slips, 
dynamic recrystallization (DRX), and twinning. Particularly, the pyramidal 〈c+a〉 slip promotes DRX and twinning. The 
hardness of the alloy reaches HV 77 as a result of the comprehensive effect of microstructure and texture generated by 
slip, twinning and DRX competition. 
Key words: AZ31 Mg alloy sheet; microstructure evolution; deformation behavior; repeated bending−flattening 
process; die angle  
                                                                                                             
 
 
1 Introduction 
 

Magnesium alloy is considered to be the 
“green engineering material of the 21st century” 
and is also recognized as one of the most significant 
lightweight metals. Mg alloys are widely used in 3C 
electronic devices, aircraft, military industry and 
other fields [1], due to their advantages such as  
low density, high specific strength and stiffness, 
dimensional stability and ease of recycling [2]. 
However, the utilization of Mg alloys is limited by 

their low strength and plasticity at room temperature, 
which can be attributed to their special hexagonal 
close-packed (HCP) crystal structure [3,4]. Thus, 
extensive research has been carried out by scholars 
all over the world to enhance the mechanical 
properties of Mg alloys [5,6]. Grain refinement is 
an effective method for enhancing the strength and 
plasticity of Mg alloys, as well as strengthening the 
grain boundary co-deformation ability in HCP 
structure alloys. WANG et al [7] have shown   
that the strength and plasticity of Mg alloy   
sheets depend on the direction of tensile and micro-  
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structure characteristics. KANG et al [8] have 
successfully refined the grain size of a new type  
of Mg alloy sheet from 80 to 22.4 and 15.9 μm 
through pre-aging and high-temperature extrusion 
deformation, resulting in impressive yield tensile 
strength (YTS), ultimate tensile strength (UTS) and 
elongation to failure (FE) of 217 MPa, 346 MPa, 
and 13.6%, respectively. SHENG et al [9] also 
refined the grains of Mg alloy to be less than  
25 μm, resulting in a significant improvement in 
mechanical properties for all parts, including the 
fracture position. This reveals that grain refinement 
is beneficial to enhancing mechanical properties. 

Severe plastic deformation (SPD) is an 
excellent method to achieve grain refinement, 
which involves techniques such as high pressure 
and torsion (HPT), equal channel angular pressing 
(ECAP), accumulative roll bonding (ARB), and 
repetitive corrugation and straightening (RCS). WU 
et al [10] have carried out the repeated plastic 
working process to refine the grain size of AZ31 
Mg alloy to 500 nm, resulting in the maximum  
YTS and UTS of 330.5 and 362.3 MPa at room 
temperature, respectively, which were due to the 
enhanced and uniformly distribution of I-phase 
particles. KIM et al [11] investigated the micro- 
structure, texture, and mechanical properties of 
AZ31 Mg alloy after the ECAP. They found that the 
average grain size of the Mg alloy was refined to be 
2.2 μm, resulting in notable enhancements in its 
mechanical performance. LUO et al [12] reported 
that refined grains inside the stress concentration 
areas are less prone to plastic deformation, 
requiring a larger external force to activate the 
plastic deformation of the adjacent grains. This 
leads to an increase in both YTS and elongation, 

especially uniform failure elongation (UFE), and 
strengthening basal plane texture is more likely to 
result from activating basal slip systems. However, 
the production of Mg alloys through simple SPD 
techniques is also subjected to various constraints 
such as extrusion process parameters (size, speed, 
temperature, load) changes in thickness and other 
factors. Excitingly, a similar experimental process 
was carried out by WANG et al [13,14], and found 
that as the compound deformation factor increases, 
the grain size decreases, the volume fraction of 
dynamic recrystallization (DRX) increases and the 
DRX gradually covers the original twins, and 
uniformly distributed and fine equiaxed grains are 
obtained, effectively improving the mechanical 
properties of magnesium alloy. 

Therefore, the repeated bending−flattening 
deformation (RBFD) process was created as a new 
SPD processing technology for Mg alloy sheets, 
which completely takes the advantages of bending 
and flattening into account. Our method also has the 
following advantages: subsequent development is 
not limited by die and workpiece sizes; deformation 
is gentle, minimizing crack formation with upper 
and lower compressive stresses as the main force; 
operation is simple. 
 
2 Experimental 
 

Figure 1 shows bending die schematic and 3D 
flow chart of the RBFD process in a single pass. As 
shown in Fig. 1(a), the experimental groups were 
divided into three groups based on different angles 
of bending dies, with top angles (α/β) of 120°/120°, 
120°/150°, and 150°/150° designated as Groups A, 
B, and C, respectively. In Fig. 1(b), each pass can  

 

 
Fig. 1 Bending die schematic (a) and 3D flow chart (b) of RBFD process with different dies in single pass 
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be divided into two half passes, namely the first and 
second half passes. The first half pass involves 
placing the workpiece between the bending dies, 
with the bottom die fixed and the top die moving 
from top to bottom in order to achieve the desired 
bend. During the second half pass, the workpiece is 
placed in a flattening die to restore its original 
flatness. The deformation process for each group 
involves a total of four passes, with the approach in 
Fig. 1(b) being repeated four times as previously 
introduced to complete the process. 

The dies and workpiece were modeled in 
Solidworks software, and then imported into 
DEFORM 3D software for further analysis. The 
workpiece material was AZ31 Mg alloy. The 
deformation temperature was set to be 300 °C, the 
mesh division was set to be 60000 elements, and 
shear friction was used with a coefficient of friction 
of 0.3. The thermal conductivity was 5 W/(mm·°C), 
and the step size was 0.1 mm/step. After the 
simulation of the bending process, the flattening die 
was imported, and its position relative to the 
workpiece was adjusted to simulate the flattening 
process under the same working conditions. The 
simulation was repeated four times. To make the 
deformation strain more uniform, the initial position 
of the top die was used as the reference system, and 
the top die was moved by “half phase” distance in 
the 2nd pass and the 4th pass, as shown in Fig. 1(a). 
After simulation, effective strain clouds and flow 
rate vector diagrams of the 2nd pass and the 4th 
pass were derived, and the appropriate color bar 
range was set for preferable comparison. 

As shown in Fig. 1, the sheets and dies were 
then heated to 300 °C, and held at this temperature 
for 10 min. Then, they were placed on the punching 
machine for pressing, and the RBFD experiment 
was completed after four deformation passes. As 
shown in the red box in Fig. 1(b), the processed 
sheets were cut into slices. Each slice was 6 mm in 
length and 8 mm in width, and four slices were cut 
from each sheet. Afterwards, the slices were 
polished with sandpaper of varying grit sizes (800#, 
1000#, and 1200#), followed by surface diamond 
polishing using a polishing machine. Finally, they 
were etched for 40 s in an etching solution 
consisting of oxalic acid (1 g), nitric acid (1 mL), 
and water (98 mL). The microstructure was 
observed using a metallurgical microscope (OM), 

and the homogeneity of the microstructure was 
quantified and analyzed from the edge to the center. 
Following OM analysis, as shown in the blue box in 
Fig. 1(b), these sheets were cut into slices with 
dimensions of 8 mm in length and 6 mm in width. 
The inner slices of three groups were investigated 
by EBSD using a Nordlys Nano equipped with 
HKL Channel 5 software, operating at 20 kV and a 
scan step size of 0.75. Misorientation, IPF map, 
textures, and other related microstructural features 
were obtained from the EBSD data using HKL 
Channel 5 software. Finally, as shown in the black 
box in Fig. 1(b), Vickers hardness test was used to 
evaluate the hardness of the samples. For each 
sample, ten points were tested and the average 
value was calculated. 
 
3 Results and discussion 
 
3.1 Effective strain  

Figure 2 shows the effective strain distributions 
in the 2nd pass and 4th pass of three groups. 
Overall, the effective strain is improved as the 
number of passes increases. For example, Group C, 
the average effective strain of the 2nd pass is 0.75, 
and that of the 4th pass is 1.05. According to the 
relevant literature [15,16], during continuous 
bending and flattening of the workpiece, its 
thickness gradually decreases while its length and 
width progressively increase. The latter exhibits a 
more significant increase than the former. This 
might increase the local relative deformation of the 
workpiece and result in a higher effective strain. 
Furthermore, the deformation effect on the 
workpiece varies depending on the angle of dies 
used in this process. Group C produces the highest 
deformation, followed by Group A and then Group 
B. In the 4th pass, the maximum and average 
effective strains of Group A are 4.08 and 1.10, 
while those in Group B are 1.33 and 0.50, and those 
in Group C are 4.34 and 1.05, as shown in 
Figs. 2(b, d, f), respectively. Additionally, a load 
distribution that is homogeneous and huge in the 
center but dispersed and modest at the periphery 
could also account for the observation that internal 
regions are higher than external regions. Finally, 
regardless of the die or pass, an interval distribution 
is exhibited by overall effective strain in the flow 
direction (FD), with high and low strain zones that 
are close to one another. 
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Fig. 2 Strain cloud maps of samples treated by the 2nd and 4th passes: (a) 2nd pass of Group A; (b) 4th pass of Group A; 
(c) 2nd pass of Group B; (d) 4th pass of Group B; (e) 2nd pass of Group C; (f) 4th pass of Group C 
 

As reported in Refs. [13,14] a larger bending 
deformation strain is more likely to generate a finer 
microstructure. Typically, fine grains are found in 
the high strain regions while coarse grains are 
found in the low strain regions. Thus, the micro- 
structure in FD may exhibit an interval distribution, 
both high strain and low strain, and region by 
region, and microstructure in internal regions is 
finer than that in external parts. Meanwhile, Group 
C has the smallest microstructure in our study, and 
grain size has decreased significantly as the process 
continues, showing the best grain refinement effect 
in the three groups. High strain leads to high strain 
hardening, which permits additional elongation. It 
is widely known that elongation, particularly UFE, 
is directly related to the behavior of strain 

hardening and can be effectively promoted by   
the smaller grain size resulting from increased 
strain [15,16]. Group C may exhibit the largest 
strain hardening ability and the best plasticity. All 
the above results suggest that the 150°/150° die 
function may be the best group after a four-pass 
RBFD process. 
 
3.2 Flow rate  

Figure 3 depicts the flow rate distribution in 
small core slices of the 2nd and 4th passes, which 
are named R1, R2, R3, and R4 as shown in Fig. 2. 
Firstly, the flow rate in FD is comparable to 
effective strain because the way bending dies are 
built, resulting in an interval distribution with 
adjacent high-value and low-value parts. Furthermore, 
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Fig. 3 Flow rate vector maps for different group regions selected in Fig. 2: (a) R1; (b) R2; (c) R3; (d) R4 
 
in Figs. 3(a−c), Group A has a higher flow rate  
than Group B, but it does not cover the entire 
workpiece. In contrast, Group C not only has the 
highest flow rate of 13.16 mm/s but also it is more 
uniform than any other group. Finally, comparing 
Figs. 3(c, d), the average flow rate of the 2nd pass 
reaches 5.23 mm/s, while that of the 4th pass is 
8.72 mm/s, showing that the effect of flow rate is 
increasing with the process operating at the same 
time. 

During the bending of Mg alloys, the 
magnitudes of surface flow rate and the shear force 
have a positive correlation, which can be expressed 
as Eq. (1) below [17,18]:  

d
d
MQ
x

=                                 (1) 
 
where Q is the shear force, M is the bending 
momentum, and x is the displacement. dM/dx 
represents the shear flow rate. The coupling of 
shear action and bending can activate non-basal  
slip, dissolve twin, release misorientation and 
trigger DRX, which is beneficial to grain 
refinement [19,20]. The more complete the DRX 
process is, the higher the magnitude of shear force 
is. As shown in Fig. 3, the vast majority of the flow 
rates for all samples are directed towards the 
thickness, and the variation in the FD is negligible. 
Even though it still exists, the flow rate does not 
follow the direction of grain thickness, but this 
influence is slight and helpful for refining the grain. 

Thus, in contrast to the direction of the flow rate, 
the value of the flow rate plays a crucial part in  
that of the shear effect. Based on these findings, 
Group C has the greatest shear effect, and its  
impact on grain refinement is similarly variable. 
With an increase in passes, the shear force also 
becomes larger as Fig. 3 depicts, resulting in the 
phenomenon that although the overall distribution 
is spaced, the grain size decreases both in the coarse 
and fine grains, suggesting that twins may decrease 
to promote DRX. 

Additionally, WANG et al [21] demonstrated 
that the intense basal texture was partially attributed 
to the symmetric shear stress generated by the 
upper and lower rollers, which aligned the basal 
poles parallel to the normal direction (ND). 
However, due to different forces applied on the 
upper and lower surfaces, shear force acted 
differently on them, leading to potential changes in 
crystal orientation and thus weakening the basal 
texture intensity. The greater asymmetrical the 
deformation or force exists, the more the changes in 
crystal orientation occur. Extrusion is similar to 
rolling in that the force on the top die is different 
from that on the bottom die, as shown in Fig. 4, and 
this also leads to different shear effects, resulting in 
a change of crystal orientation. However, in Group 
B, there is a difference not only in the shear force 
distribution between the top and bottom dies but 
also within each die itself due to varying angles of  
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Fig. 4 Schematic illustration showing shear stress during 
process 

individual tooth on the left and right sides, resulting 
in different forces applied to each tooth. Thus, this 
theory is not applicable to Group B. Therefore, only 
Groups A and C conform to it, indicating a good 
shear force coupling effect on grain refinement and 
a weak basal texture. 
 
3.3 OM observation 

Figure 5 shows the microstructure of fine grain 
areas (FG area) and coarse grain areas (CG area) 
after the 4th pass with different die angles. The 
microstructure exhibits an interval distribution in 
which coarse and fine grains are adjacent to one 
another, as expected in the previous sections. 
Besides, the CG area width in three groups follows 
a descending order of Groups B, A, and C. This 
indicates that grain refinement is most effective in 
Group C. Finally, as seen in Figs. 5(b, d, f) the grain 
sizes between the largest grain and the smallest one  

 

 
Fig. 5 OM images of different groups in interval grain regions (a, c, e) and fine grain regions (b, d, f): (a, b) Group A;  
(c, d) Group B; (e, f) Group C 
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in Group C are 2.7 and 0.7 μm, respectively, those 
of Group B are 6.2 and 1.8 μm, respectively, and 
those of Group A are 3.7 and 1.3 μm, respectively, 
which also reveals that Group C has the smallest 
grain size and the most homogenous microstructure 
of the three groups, while Group B is the largest 
one and Group A is in the middle of the previous 
two groups.  

Figure 6 shows the microstructure of FG area 
in different passes. The average grain sizes of the 
1st, the 2nd, the 3rd, and the 4th passes are 3.3, 2.5, 
2.2 and 1.7 μm, respectively, indicating that with 
the process pushing forward, the grain size is falling. 
The average grain size of Mg−6Zn−1Gd−1Er has 
been refined to 15.9 μm by pre-aging hot extrusion, 
also the average grain size of AZ31B pipes has been 
refined to 17.1 μm by the extrusion−shear−bending 
forming method, which was less efficient than   
our method according to the related literature [7,8]. 
Exceedingly, the grain refinement and micro- 
structure homogeneity are better in the internal 
regions of the sample than those in the external 
sections. This is evidenced by the average grain size 
increasing from the inside to the outside across four 
passes, and a corresponding decrease in uniformity. 

Unlike FEM, when the punching machine is 

operated manually, the surface of the die is in touch 
with the workpiece, and because the pressure 
applied to the workpiece is not constant during the 
process, the force on the workpiece’s surface is also 
uneven [17,22]. The internal region near the center 
of the press experiences greater and more uniform 
pressure, which may result in obvious refinement 
and improved uniformity. But, little refinement 
takes place in the external region where the pressure 
is lower than that in the internal region and there 
may even be no-pressure zones where no forces 
interact, thus creating the difference. 

Regardless of the type of dies, the grain size 
decreases after four passes. This is especially true 
for Group C, which can be attributed to both     
the largest local relative deformation and the  
largest effective strain. CHANG et al [23] and KIM 
et al [24] also noted that as DRX occurred more 
completely, the number of twins decreased due   
to increasing shear force. This suggests that shear 
force has a positive effect on microstructure 
characteristics, consistent with the findings      
in Section 3.2. WANG et al [21] have shown    
that multi-pass deformation can improve the 
homogeneity of microstructure by DRX. This   
can be inferred from the log-normal distribution of 

 

 
Fig. 6 OM images of fine grain regions of Group C in different passes: (a) 1st pass; (b) 2nd pass; (c) 3rd pass; (d) 4th 
pass 
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grain sizes, and the degree of DRX completion is 
indicated by the peak of three curves. As depicted 
in Fig. 7(a), DRX may occur, and the DRX of 
Group C will occur more completely if it exists 
since the curves fit log-normal distributions and the 
peak of Group C is at the top of three groups. 
Similarly, as shown in Fig. 7(b), multiple DRX may 
occur throughout the process, from the first to the 
fourth pass, based on the following three points: 
One way to demonstrate this is by fitting the grain 
size distribution curves in four passes to log-normal 
functions. This demonstrates that as the process 
continues, the peak rises steadily, suggesting a 
rising proportion of DRX [7,25]. On the one hand, 
the grain boundary may dissolve and reconstruct 
DRXed grains while smaller grains (<2 μm) grow 
within larger grains [16,26]. Finally, Group C has 
experienced DRX because it has equiaxed grains at 
various passes, as observed in Figs. 5(e, f) and 
Figs. 6(a−d), which are consistent with a previous 
thesis [27] but from a different perspective. Above 
all, multiple DRX occurrence is highly probable  
in our process, and the degree of the completeness  
 

 
Fig. 7 Grain size distribution maps: (a) Fine grain 
regions in Figs. 5(b, d, f); (b) 1−4 passes in Figs. 6(a−d), 
respectively 

increases with the pass number. This is 
advantageous for microstructure characteristics to 
improve the properties of Mg alloy, which are 
consistent with previous research findings [7,16]. 
Especially, according to WANG et al [13,14], more 
bending can result in finer grains. 
 
3.4 EBSD observation 

Figure 8 shows the inverse pole figure (IPF), 
grain boundary (GB), various twins, and kernel 
average misorientation (KAM) maps for different 
groups. Group C has the smallest grain size and the 
most homogeneous microstructure, without any 
twins or low angle grain boundaries (LAGBs). 
Groups A and B also have small grains similar to 
those observed in OM images, as shown in 
Figs. 8(a, b, d, e). Even Group B has a maximum 
grain size about 15 μm. Moreover, although the 
grain size of Group A is slightly larger than that of 
Group C, its crystal orientation changes more 
frequently than that of Group C, with the existence 
of LAGBs, twins and many non-basal grains in 
Figs. 8(a, b). 

Subsequently, as shown in Fig. 8(i), the 
majority of specimens in Group C are composed of 
fine grains with low dislocation densities and a 
small number of coarse grains with internal areas of 
low dislocation and high dislocation edges. Fine 
grain may consist of DRXed grains that cover   
the majority of specimens with small internal 
orientation differences and low dislocation density 
after four passes. Misorientation and energy were 
consumed too much while twins dissolved, 
resulting in small residual strain in AZ31 grains 
under 150°/150° dies, which was only distributed at 
grain boundaries and in a small number of coarse 
grains. It is assumed that almost full DRX has 
occurred without visible LAGBs. Meanwhile, in 
Group A, only a few grains appeared blue, while 
most of grains showed green or yellow (Fig. 8(c)). 
These findings suggest that DRX occurred to a less 
extent in Group A. Only a few high-angle grain 
boundaries (HAGBs) are present, indicating that the 
microstructure may mainly consist of sub-structured 
grains in Group A. However, Group B not only  
has a large number of dislocations but also the 
highest frequency of twins, including numerous
{10 12}  tensile twins and a few {10 11}
contraction twins. Additionally, it possesses the 
largest grain size among the three groups with only 
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Fig. 8 IPF (a, d, g), GB+twins (b, e, h) and KAM (c, f, i) maps of different groups: (a−c) Group A; (d−f) Group B;      
(g−i) Group C 
 
a few low-angle grain boundaries (LAGBs), as 
shown in Fig. 8(e). This suggests that although its 
grain size is smaller than that of the original sample, 
almost no dynamic recrystallization occurred and 
most grains remained deformed. 

In order to better visualize the KAM values of 
the three specimens, the angular distribution of 
different orientations was obtained by processing 
the KAM data, and the geometrically necessary 
dislocation (GND) density was used to predict the 
total dislocation density, where the GND density 
can be expressed as Eq. (2) [4,17]: 

GND 2Δ
ub
ϕ

ρ =                            (2) 

where ρGND represents GND density, Δφ represents 
average angle of local misorientation, u is the scan 
step of the EBSD, and b is the amplitude of Burgers 
vector standing for 3.21×10−10 m. We can conclude 
that the ρGND for Groups A, B, and C are 1.55×1015, 
0.79×1015, and 0.45×1015 m−2, respectively. The 
difference between Group A and Group C is that the 
ρGND for former is more than three times greater 
than that for the latter, demonstrating how      
the higher level of internal dislocation and 
misorientation in small angle die conditions impede 
DRX, which prevents the release of locally 
concentrated stresses through the formation of a 
significant amount of DRX. When the die of Group 
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C acts on the Mg alloy sheets, it makes the DRX 
process more efficient. As a result, the DRXed 
grains have a lower dislocation density, which 
significantly improves the plasticity and strength of 
the sheet [28]. 

According to Refs. [22,26,29,30], both twinning 
and DRX play an important role in microstructure 
and texture evolution during the RBFD process. To 
analyze the effects of twinning and DRX under 
different dies in detail, we conducted a detailed 

analysis of G1, G2 and R1, R2 as shown in Fig. 8. 
To demonstrate the ability of twins to modify grain 
orientation, two grains with single twins were 
selected for analysis. As shown in Figs. 9(a−c), the 
c-axis of G1 deviated by approximately 50° from 
near [ 12 10]  towards the junction zone between 
[0001] and [ 01 10] , then decreased to around 15° 
after tensile twinning (TT). Similarly, the single 
86.1° 1120〈 〉  type TT generated in G2 had its 
c-axis increased from 2° to 86° and deviated away 

 

 
Fig. 9 Twinning behavior and DRX towards microstructure selected in Figs. 8(a, g): (a−c) G1; (d−f) G2; (g−i) R1;    
(j−l) R2 
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from [0001] to [ 01 10] , as shown in Figs. 9(d−f). 
Except for altering orientation, twins can also 
divide grains, which will enhance the resistance to 
dislocation movement. As shown in Figs. 9(a−c), 
the {1120}  TT divides G1 into 1−3 regions. 
Figures 9(d−f) show that twinning also separates 
G2 into 1−3 regions. LUO et al [12] and CHE    
et al [26,28] have also reported these two phenomena. 

Two regions were selected for analysis to 
confirm the occurrence of continuous dynamic 
recrystallization (CDRX) during the process. As 
shown in Figs. 9(g, h), R1 is a grain that contains 
multiple LAGBs that have a tendency to transform 
into HAGBs as dislocations accumulate. Figures 9(j, k) 
show a region involving multiple small DRXed 
grains, such as G4 that is an obvious DRXed grain 
surrounded by full HAGBs. Its crystal orientation 
has also changed. 

G3 is a sub-grain that is similar to the grain in 
R1, which has potential to transform into a grain 
with HAGBs. Similarly, its crystal orientation has 
changed from red to blue. These phenomena 
indicate that DRX not only refines grains but also 
may cause changes in crystal orientation. Finally, 
the accumulated orientation angle increases as 
shown in Figs. 9(i, l), indicating that CDRX is the 
dominant type of DRX occurring in RBFD without 
a clearly defined nucleation and growth stage [3,22]. 
Notably, Group A exhibits numerous LAGBs with 
larger KAM values and misorientations around 
internal regions and boundaries of {1120}  tensile 
twinning compared to other groups. The LAGBs 
can easily transform into HAGBs, thereby 
promoting the DRX occurrence [12]. This may 
demonstrate that Group A has the potential to 
further refine, as there are still many twins and the 
DRX has not fully occurred. Additionally, the fact 
that LAGBs cover a large area indicates that CDRX 
has not been completed and there is potential for 
further grain refinement [22,28]. 

It has been mentioned that a twin boundary 
can also be utilized to prevent dislocations from 
shifting, which has the added advantage of 
significantly refining the grains. According to 
ZHAO et al [31], increasing the twin density in Mg 
alloys improves their ability to resist dislocation 
migration during plastic deformation, thereby 
enhancing the strength of the alloy. Additionally, 
the Lomer−Cottrell lock and springing strength are 
effective ways to prevent dislocation sliding when 

they accumulate at twinning boundaries and induce 
stress concentration [32,33]. Finally, twins can 
successfully separate the grains even further to 
enhance resistance to dislocation movement [34], 
which increases the Taylor index and demonstrates 
that grain refinement significantly strengthens Mg 
alloys [35]. 

Except for twinning behavior and DRX, grain 
refinement of Mg alloys is also influenced by 
non-basal slips. In this study, Schmid factor (SF) 
analysis was employed to intuitively evaluate    
the activities of slip during deformation along 
various loading directions at ambient temperature. 
According to WANG et al [7,16], a slip with a 
higher SF value would be more easily activated. 
The following equation can be used to calculate the 
SF value for a specific deformation mechanism: 
 
SF=cos α·cos β                           (3) 
 
where α represents the angle between the normal 
plane of slip mode and the loading direction, and β 
represents the angle between the shear direction of 
slip mode and the loading direction. 

Figure 10 shows the SF values of different slip 
systems of Group C during the 4th pass. As 
depicted in Fig. 10, the average SF values range 
from 0.41 to 0.09, with pyramidal 〈c+a〉 slip having 
the highest value and prismatic slip having the 
lowest value, followed by basal slip and pyramidal 
〈a〉 slip. This suggests that pyramidal 〈c+a〉 slip may 
be more frequently activated throughout the entire 
system, resulting in a dispersed and weaker basal 
texture that has potential for improving elongation. 
The higher the SF value is, the easier it is to 
activate under the same external force and plastic 
deformation. The essence of slip is the movement of 
dislocations, which is hindered by grain boundaries 
due to the irregular arrangement of atoms and large 
distortions [17]. Grain boundaries also have the 
ability to adsorb various impurity elements, further 
obstructing the dislocation movement. Additionally, 
dislocation movement is often influenced by grain 
size; smaller grains result in a higher number of 
grains per unit volume and can reduce dispersion in 
larger grains [3]. Thus, grain refinement increases 
the dislocation slip distance and shortens the length 
of dislocation plugging groups, thereby reducing 
stress concentration near grain boundaries. This is 
beneficial to activating pyramidal 〈c+a〉 slip and 
enhancing plasticity [36]. 
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Fig. 10 Schmid factor (SF) map of statistical graph of 
four slip systems 
 

Non-basal slips, especially pyramidal 〈c+a〉 
slip, are significant for SPD. They play a crucial 
role in the plastic deformation of HCP metals, not 
only for understanding dislocation mechanisms  
but also for designing and processing alloys.    
On  the one hand, pyramidal 〈c+a〉 slip provides    
five independent slip systems, particularly in    
the 1123〈 〉 direction, which can coordinate 
deformation along the c-axis and fully satisfy the 
von-Mises criterion [3,36]. On the other hand, the 
primary non-basal slip mode in HCP metals is 
known as pyramidal 〈a〉 or prismatic 〈a〉 slip. Basal 
and prismatic 〈a〉 slip systems only cause strain   
in the 〈a〉 direction. By adding a strain component 
along the 〈c〉 direction, the activation of pyramidal 
〈c+a〉 slip can improve deformation homogeneity. 
The first-order {10 11} 1123〈 〉 mode and the 
second-order {1 122} 1123〈 〉  mode are two main 
modes of the pyramidal slip that affect the ductility 
of HCP metals significantly [3,37]. 

Based on the above two, under 4 passes 

conditions, we can conclude that the largest SF 
value slip of Group C, pyramidal 〈c+a〉 slip, could 
elongate in the 〈a〉 direction, thereby improving 
deformation homogeneity and ductility. Further- 
more, the SF value of basal slip is larger than that of 
prismatic and pyramidal 〈a〉 slips. Basal slip may 
occur less frequently than pyramidal 〈c+a〉 slip but 
more often than the other two types, which has a 
beneficial effect on retaining some basal texture 
intensity and improving strength. In other words, 
Group C not only improves the plasticity of Mg 
alloy but also slightly intensifies its strength. 

Figure 11 depicts the pole figure (PF) of the 
(0001) plane in different groups. In the (0001) PF, 
Group B obtains a concentrated distribution with a 
maximum intensity of 17.20, which is the largest 
among all groups. Meanwhile, as shown in 
Fig. 11(a), Group A exhibits a bimodal texture and 
is uniformly dispersed into two regions with a 
maximum intensity of 11.61. Group C falls between 
the previous two groups with a maximum intensity 
of 12.84 but remains in one. The basal textures   
of Groups A and C disperse, homogenize, and 
weaken, which may be beneficial to improving 
plasticity [18]. The key question is which process 
contributes the most, since grain refinement often 
improves both plasticity and strength, while texture 
weakening may increase plasticity but decrease 
other properties [3,7,13]. Given that Group C has 
the smallest cloud size and its basal intensity is 
close to that of Group A, inferring that Group C has 
the highest plasticity. From the previous section, 
Group A has plenty of LAGBs with twins while 
Group C is full of HAGBs with few twins. This 
indicates that the microstructure of Group A has 
potential for further refining through CDRX, 
whereas Group C may not have room for further 
refinement. Thus, we confirm that Group A may  

 

 
Fig. 11 (0001) pole figures of different groups in 4th pass: (a) Group A; (b) Group B; (c) Group C 
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result in a smaller grain size than Group C after 
more passes. Additionally, the basal texture of 
Group A developed into a bimodal texture after 4 
passes, as shown by R1 and R2 in Fig. 11(a). 
Furthermore, if the process continues, Group A  
may also form a non-basal plane strengthening 
texture, due to its diversity, two stronger peaks may 
occur [3]. 

Basal texture weakening may be owed to the 
non-basal slip. When more frequent non-basal slips 
are activated in the slip system, more uniform and 
weaker basal texture will become [8]. Combining 
the results depicted in Fig. 10 shows that frequent 
activation of pyramidal 〈c+a〉 slip weakens the basal 
plane texture, decreases UTS and YTS, while 
increases UFE. Meanwhile, refined grains makes 
UTS, YTS, and UFE increase sharply [25,38], 
demonstrating that high plasticity can be achieved 
through bending SPD more effectively than other 
techniques. Meanwhile, based on the results and 
discussion in Fig. 9, it is certain that the texture 
characterization is strongly related to the twinning 
behavior and DRX during the process. 

Figure 12 displays inverse pole figures, (0001) 
pole figures, and SF distribution maps of the main 
principal grains of R1−R4 selected in Fig. 11 to 
further investigate the mechanism of texture 
weakening. The c-axis of the major distorted  
grains in R1 and R2 tilted roughly 0°−10° and 
0°−15° away from ND towards TD, as shown in 
Figs. 12(a, c). The distribution and average SF 
values of R1 and R2 slip systems are shown in 
Figs. 12(b, d). The SF values of the pyramidal 〈c+a〉 
slip has the highest proportion in the range of 
0.45−0.5, as can be seen in Figs. 12(b, d). The 
average SF value of basal slip of the major grains of 
R1 is 0.20, while it is 0.47 for pyramidal 〈c+a〉 slip, 
indicating that dislocations with pyramidal 〈c+a〉 
slip have a higher active ability. Similarly, the 
average SF value of the major grains of R2 
pyramidal 〈c+a〉 slip is also higher than any other 
slip, indicating that pyramidal 〈c+a〉 slip dislocation 
activation is more prevalent. Pyramidal 〈c+a〉 slip 
was easily observed in an aged precipitation 
hardening alloy, as reported by ALIZADEH      
et al [27]. According to ZECEVIC et al [37], when 
the pyramidal 〈c+a〉 slip is reoriented, the peak 
texture in TD becomes skewed. As a result of 
frequent activation of this slip system, R1 and R2 
individually deflect from ND to each side of TD, 

forming a bimodal texture. HAN et al [39] reported 
a similar rationale for the double-peak basal texture. 
Similarly, although the c-axis of major distorted 
grains of R3 tilts 0°−12° from ND to TD, basal slip 
is sufficiently activated that the average SF value is 
0.47, whereas pyramidal 〈c+a〉 slip and other 
non-basal slips are less than 0.20, as shown in 
Figs. 12(e, f). This indicates that non-basal slips are 
not sufficiently activated, which may explain why 
Group B has the highest intensity and most 
concentrated basal texture among all three groups, 
as shown in Fig. 11(b). Finally, the c-axis of major 
distorted grains of R4 tilts 0°−13° from ND to TD. 
Although pyramidal 〈c+a〉 slip is also prominent, its 
average SF value of 0.45 is lower than that of R1 
and R2. However, its basal slip average SF value of 
0.22 is higher than that of R1 and R2. This indicates 
that the effect of weakening basal texture on R4 is 
less pronounced compared to R1 and R2, which 
explains why Group C has slightly greater basal 
texture intensity than Group A as shown in 
Figs. 11(a, c). 

To further analyze the microstructure and 
texture evolution, we made scattered PF maps of 
various slip systems, as shown in Fig. 13. It is well 
known that the loading direction has a direct 
influence on the initial texture of Mg alloy   
sample, as shown in Eq. (3), which further affects 
the activities of slip modes during plastic 
deformation [7,16]. This is the fundamental cause 
of the observed phenomena in terms of mechanical 
response, microstructure evolution, and texture 
characteristics. 

As observed in Fig. 13, regardless of the die 
angles, pyramidal 〈c+a〉 slip has the largest SF 
value after 4 passes in the core region, followed  
by basal slip, pyramidal 〈a〉 slip and prismatic 〈a〉    
slip. The combination of the results in Fig. 10 may 
explain why all three groups obtained smaller 
grains than the originals. Non-basal slips activate 
more frequently, especially pyramidal 〈c+a〉 slip, 
providing five independent slip directions including 
c dislocation that can coordinate deformation with 
dislocations. This not only reduces grain size but 
also triggers CDRX to enhance the anisotropy    
of microstructure [3,36]. Furthermore, all SF 
distributions of Group A extend in two opposite 
directions in TD, while the other two are more 
focused in the core region, and Group B is more 
concentrated than Group C. ALIZADEH et al [27]  
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Fig. 12 IPF map, (0001) pole figures and SF distribution map of main grains in R1 (a, b), R2 (c, d), R3 (e, f), and R4 
(g, h) selected in Fig. 11 
 
also have established that the huge activation     
of pyramidal 〈c+a〉 slip can cause the rotation of 
grain c-axis in the direction of a plane almost 
perpendicular to FD. Thus, it is clear why Group A 

has a bimodal basal texture and the basal texture  
of Group C is weaker than that of Group B. 
Additionally, the SF value of prismatic slip is near 0 
in the core region of all three groups, demonstrating  
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Fig. 13 Scattered distributions of various slip SF values (basal 〈a〉 slip, prismatic 〈a〉 slip, pyramidal 〈a〉 and pyramidal 
〈c+a〉 slip) in three groups 
 
that it may not influence deformation. Finally, 
accommodating plastic strain between different 
grains could be challenging due to the fact that 
pyramidal 〈c+a〉 slip is known as the primary 
deformation process in all samples. As a result, 
even if their SF values are fairly low, additional 
deformation mechanisms, such as {10 12} tensile 
twins, could be engaged to address this issue. SUN 
et al [40] and RUAN et al [41] have also reported 
this occurrence. 

To investigate the microstructure and texture 
evolution of Group C more deeply under the RBFD 

process, samples from the 1st to the 4th passes were 
selected for EBSD testing, in addition to three 
samples from various groups in the fourth pass. 

Figure 14 shows the IPF, GB, various twins, 
and recrystallized fractions in different passes of 
Group C. As observed, the grain size decreases with 
each pass, resulting in an average size reduction 
from 3.3 to 1.7 μm. Furthermore, the homogeneity 
of the microstructure has improved. It is obvious 
that the size differences between small and large 
grains are reduced as the process progresses. At the 
same time, frequent changes in crystal orientation  
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Fig. 14 IPF (a, d, g, j), GB + twins (b, e, h, k) and DRX (c, f, i, l) maps of Group C in different passes: (a−c) 1st pass;    
(d−f) 2nd pass; (g−i) 3rd pass; (j−l) 4th pass 
 
cause more and more grains to turn from [0001] to 
[1120]  or [10 10] , resulting in the appearance  
of non-basal oriented grains that may even be 
perpendicular to the ND direction, thus weakening 
the basal texture. Finally, as illustrated in 
Figs. 14(b, c, e, f, h, i, k, l), the fraction of DRXed 
grains increases concurrently with the decline of 

twins. This is consistent with earlier references 
[3,16], which demonstrates that the more adequate 
occurrence of DRX leads to fewer twins in the 
microstructure. Surprisingly, the fraction of DRXed 
grains in the 4th pass increases to 91.40%, 
indicating almost complete occurrence of DRX as 
demonstrated in the preceding section. 
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Figure 15 depicts the PFs of the (0001) plane 
in different passes. It can be observed that the 
texture distribution becomes increasingly dispersed, 
and its intensity gradually decreases from 16.84 to 
12.84, which is beneficial to ductility [12]. The 
more the non-basal slips occur in the slip system, 
the weaker the basal texture will appear [3,16], 
especially with regard to pyramidal 〈c+a〉 slip 
effects during deformation. As we can see, the 
microstructure distribution of the 2nd pass, which is 
the middle stage of the process, is an interval 
distribution that can be divided into two kinds of 
zones as shown in Fig. 14(d), consistent with 
previous descriptions in effective strain, flow rate, 
and OM sections. In Zone 1 (Z1), there are almost 
fine grains (fine grain regions) with a vast majority 
of LAGBs and few twins, which may have 
undergone DRX at that moment. Zone 2 (Z2) 
mainly consists of coarse grains (coarse grain 
regions), which is characterized by a few LAGBs 
and more twins. These features indicate that   
DRX may also have occurred in Z2, but the effect 
in Z2 is weaker than that in Z1. The above 
phenomena demonstrate that different degrees of 
grain refinement may occur in various positions  
of the same workpiece under the same pass,    

due to the structure of the die and load  
distribution. Additionally, activation of non-basal 
slips, twinning behavior, and DRX can also vary 
greatly [42]. 

Furthermore, to investigate whether twins, 
especially {10 12} tensile twins, can also weaken 
basal texture, two other zones were chosen for 
analysis. Zone 4 (Z4) has a large majority of 
{10 12}  tensile twins surrounded by much mis- 
orientation and misalignment at grain boundaries, 
as shown in Fig. 16(a), waiting for DRX to continue. 
Zone 3 (Z3) contains few twins, as illustrated in 
Fig. 16(c), and DRX occurrence is complete. The 
basal texture of Z4 is loosely distributed, with an 
intensity reaching 10.46. A small portion of the 
texture that has deviated to the edge from [0001] to 
[1120] , as indicated by the red boxes in Fig. 16(b), 
may gradually transform into non-basal texture, 
resulting in a high-intensity region deviating from 
the pole. With an intensity of 18.10, the distribution 
of Z3 is more centered than that of Z4, and the 
high-intensity region remains centered near the pole, 
as shown in Fig. 16(d). As reported in Ref. [29], the 
twinning behavior may trigger basal texture to turn 
into non-basal texture and weaken intensity to 
enhance the plasticity. 

 

 
Fig. 15 Pole figures of different passes in Group C: (a) 1st pass; (b) 2nd pass; (c) 3rd pass; (d) 4th pass 
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Fig. 16 Twinning behavior effects of Z4 (a, b) and Z3 (c, d) towards weakening basal texture selected in Fig. 14 
 
3.5 Hardness  

Figure 17 shows the hardness values from the 
edge to the center of both the original sample and 
4-pass samples in different groups after RBFD. 
Overall, all three groups exhibit an increase in 
hardness compared to the original sample, although 
Group B only shows slight improvements. 
Moreover, Group C exhibits the highest maximum 
and average hardness of HV 77.00 and HV 74.46, 
respectively, indicating an improvement in hardness 
homogeneity. 

According to previous studies [25,38,43] and 
the above results, hardness is determined by 
microstructure and texture characteristics. In one 
aspect, smaller grain size leads to more uniform 
microstructure and improves strength and plasticity. 
According to the Hall−Petch relationship of Eq. (4), 
fine grain strengthening is an effective way to 
enhance the hardness of the alloy [28]. The 
material’s hardness is inversely related to its grain 
size, the smaller the grain size, and the higher the 
hardness. Mg alloys have a higher Taylor index than 
other types of alloys, so grain refinement has a 
stronger strengthening effect on them [36].  
σs=σ0+kd−1/2                                   (4)  
where σs, σ0, k and d represent the yield limit, the 
lattice friction resistance, the Hall−Petch slope and 
the average grain size of the material, respectively. 
It should be noted that the value of k is greatly 
influenced by the number of slip systems in an 

 
Fig. 17 Hardness values from edge to center of original 
sample and 4-pass samples in different groups after 
RBFD 
 
alloy. The HCP structure, with fewer available slip 
systems, generally corresponds to a greater value 
than the body-centered cubic (BCC) or face- 
centered cubic (FCC) structures [3,36]. As a result, 
Group C has the smallest grain and the most 
uniform microstructure in the experiment, which 
resulted in the most significant enhancement effect 
on hardness. Thus, texture becomes another decisive 
factor owing to dislocation movements [43,44]. 
Group C has a weak basal texture that is somewhat 
similar to Group A due to frequent dislocation 
movement, twinning behavior, non-basal slips and 
competition of DRX. These are the second factors 
related to enhancing hardness [44]. TIAN et al [45] 
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have proven that the hardness has a threefold 
connection with YTS and UTS, indicating that 
hardness can partially characterize strength. 
Therefore, Groups A and C exhibit improved 
strength properties after 4-pass deformation. 
 
4 Conclusions 
 

(1) The AZ31 magnesium alloy sheet produced 
in this experiment by the 150°/150° die exhibits the 
best grain refinement, while the 120°/120° die has 
potential for further refinement. 

(2) The effective strain is improved as the 
process progresses. The distribution of the effective 
strain along FD matches with the microstructure 
distribution, because DRX is activated and twins 
are dispersed by a combination of shear and 
bending action. 

(3) The average grain size can be significantly 
refined to 1.7 μm, and a weak basal texture has 
been obtained after 4 passes, owing to slip, DRX, 
and twinning behavior. In particular, the pyramidal 
〈c+a〉 slip may happen more frequently, which    
is beneficial to the grain refinement and texture 
weakening. 

(4) The hardness can reach HV 77.00, 
revealing the best hardness property of the 
experiment, enhanced by the competition of 
microstructure characteristics and texture, which  
is due to large strain distribution and the high 
geometrically necessary dislocation. 
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不同模具角度下反复弯曲−压平变形工艺对 
AZ31 镁合金板材显微组织演变和变形行为的影响 
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摘  要：采用不同角度模具的反复弯曲−压平变形工艺制备 AZ31 镁合金板材。通过 FEM、OM、EBSD 和硬度计

研究 AZ31 镁合金在反复弯曲−压平变形过程中的显微组织演变和变形行为。结果表明，150°/150°模具在所有三

组实验中都表现出最佳性能。随着道次的增加，合金的等效应变由于剪切和弯曲作用而显著提高。经过 4 道次后，

合金的平均晶粒尺寸显著细化至 1.7 μm，基面织构被弱化，这是非基面滑移、动态再结晶和孪生引起的；尤其是

锥面〈c+a〉滑移有利于引发动态再结晶和孪生。合金的硬度值达到 HV 77，这是滑移、孪生和动态再结晶竞争产生

的显微组织和织构综合作用的结果。 

关键词：AZ31 镁合金板材；显微组织演变；变形行为；反复弯曲−压平工艺；模具角度 
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