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Abstract: AZ31 alloy sheets were subjected to continuous bending (CB) process with various accumulated strains in a single 

pass at room temperature, followed by annealing treatment. The corresponding microstructure and mechanical properties of 

as-received and CB sheets were investigated. The results indicate that no twins are observed in all microstructures during the 

CB process. Abnormal grain growth occurs in the surface part after annealing and the depth of coarse-grained layer increases 

with increasing the accumulated strain. Moreover, the CB sheets in annealing condition exhibit a RD-tilt basal texture, and the 

inclination angle increases with increasing the accumulated strain. Compared to the as-received sample with a strong basal 

texture, the CB processed samples exhibit better stretch formability (cupping test value increases from 2.3 mm to 4.9 mm, 

increased by ~113%), due to smaller r-value and larger n-value which are related to the texture evolution. 
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Due to the low density, high specific strength and high 

specific stiffness, magnesium alloys have a significant 

potential in wide range of industrial applications, including 

transport vehicles, electronics and aerospace industries 
[1-3]

. 

However, for magnesium alloys with the hexagonal 

close-packed (hcp) crystalline structure, a limited number of 

slip systems may be activated during plastic deformation, 

which can hardly offer an arbitrary shape change at the grain 

level
[4,5]

. Moreover, conventionally rolled and extruded 

sheets usually exhibit a strong basal texture with the basal 

planes parallel to the rolling direction, resulting in a great 

planar anisotropy. This results in a bad deformability in the 

thickness direction and a stronger anisotropy 
[6-8]

. Therefore, 

magnesium alloy sheets usually exhibit low ductility and 

formability at ambient temperature, restricting their wide 

industrial application. And how to improve the stretch 

formability of Mg alloy sheets is of great importance. 

Recently, the texture control has been considered as an 

effective way for improving the formability, and many 

processing techniques such as cross-roll rolling (CR) 
[6]

, 

different speed rolling (DSR) 
[9]

, equal channel angular 

pressing (ECAP) 
[10, 11]

, high-temperature rolling 
[12]

, have 

been performed on Mg alloys to modify the basal texture. 

Moreover, our previous studies indicated that AZ31 sheets 

after six passes repeated unidirectional bending (RUB) 

process exhibit a RD-tilt and a weakened basal texture, and 

the formability is considerably increased at room temperature 
[13]

. However, many methods are rather difficult to apply in 

industrial application due to their requirement of several 

passes and annealing between passes for a favorable texture. 
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Therefore, a continuous deformation is potentially one of the 

more practical method. 

For this reason, our previous study 
[14]

 put forward a 

time-efficient method of continuous bending (CB) process 

and indicated that the formability of AZ31 Mg alloy sheets 

processed by one pass CB and annealing can be significantly 

enhanced at room temperature. However, less attention has 

been devoted to the effects of accumulated strain in a single 

pass on microstructure and properties of Mg alloy sheets. 

Thus, in this work, rolled AZ31 Mg sheets were subjected to 

CB process with various accumulated strains through 

changing amount of support. The microstructure and texture 

evolution of AZ31 Mg alloy sheets were systematically 

investigated. Mechanical properties and stretch formability 

of the as-received and CB sheets were also examined based 

on the concurrent microstructure and texture evolution. 

1  Experiment 

The schematic diagram of continuous bending device is 

shown in Fig.1. The commercial as-rolled AZ31 Mg alloy 

sheets with a thickness of 0.6 mm were used. Then the 

as-received sheets were cut into the dimension of 1000 mm 

(RD)×100 mm (TD)×0.6 mm (ND). RD, TD and ND represent 

the rolling, transverse and normal directions, respectively. The 

sheets were bent along RD at the bending angle of 140°. The 

true strain of each bending introduced to the surface of sheets 

was calculated by the empirical equation:  

ε=t/(2R+t)                                   (1) 

where ε is true strain, t is thickness of the sheet, R is radius of 

concave surface shown in Fig.2. The value of R1 and R2 is 

14.5 and 7.2 mm, respectively. According to the different 

numbers of supports in the upper die, the sheets processed by 

CB were named as CB-1, CB-2 and CB-3. The cumulative 

strains for CB-1, CB-2 and CB-3 samples were 0.08, 0.16 

and 0.24, respectively. Then all the CB processed sheets were 

annealed at 260 °C for 1 h, marked as CBA samples. 

Microstructure evolution was examined by optical 

microscopy (OM) in the RD-ND plane at different regions. 

The mean grain sizes of all samples were measured from 

the optical microstructures by linear intercept method. The 

(0002) pole figures of various samples were determined 

using an X-ray diffraction (XRD, Rigaku D/Max 2500PC).  

The samples for tensile test were dog-bone shape with 

40 mm in gauge length along RD and 8 mm× 0.6 mm in 

cross section. Uniaxial tensile tests were performed on a 

CMT6305-300kN electronic universal testing machine. 

Each tension test was repeated three times to get represen- 

tative results. Fracture surfaces of tensile samples were

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1  Schematic diagram of a continuous bending device: (a) CB-1, (b) CB-2 and (c) CB-3 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2  Experimental setup of CB process 
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observed in detail by scanning electron microscopy (SEM, 

TESCAN VEGA 3). Lankford values (r=ωw/ωt, where ωw 

and ωt represent width and thickness strains, respectively) 

were obtained from the tensile samples deformed to a 

tensile direction strain of 10%. The hardening index 

n-values were got from the uniform plastic deformation 

region of the tensile stress-strain curves. 

Erichsen tests were conducted to evaluate the formability 

of various samples at room temperature. Rectangular blanks 

with dimension of 50 mm×50 mm (width×length) were cut 

from the as-received and CBA sheets. The Erichsen tests 

were carried out using a hemispherical punch with a 

diameter of 20 mm. The punch speed and the blank holder 

force were set at 3 mm/min and 10 kN, respectively. 

2  Results and Discussion 

2.1  Microstructure and texture evolution 

The optical microstructure and (0002) pole figure of the 

as-received sample are shown in Fig.3. It can be seen from 

the microstructure that the as-received sample exhibits a 

fine-grain microstructure with an average grain size of 5.8 

μm. The pole figure shows that the as-received sample 

exhibits a typical basal texture with the (0002) basal planes 

aligned almost parallel to the sheet surface.  

Fig.4 shows the optical microstructures at different 

regions during CB-2 process. In the І, II and III regions, the 

samples are taken from the sheet at strains (ε) of 0.06, 0.10 

and 0.16, respectively. The concave and convex of the sheet 

in І region are defined as upper and lower surface, 

respectively. As shown in Fig.4, there are no twins observed 

in all microstructures in the surface part, which is opposite 

to the previous study
 [15, 16]

. It was reported that grains in 

concave and convex regions are under compressive and 

tensile stresses during V-bending, respectively. { 1012 } 

extension twins are activated by the compressive stress in 

the concave region, while prismatic slip dominates the 

deformation in convex region. For magnesium alloys, 

twinning activity is very sensitive to grain size. Twinning 

activity decreases with decreasing the grain size and can 

even be stopped at sufficiently lower grain sizes 
[17-19]

. Thus, 

the fine-grain microstructure of AZ31 Mg alloy sheets in 

this work may result in the absence of twins during CB. In 

order to coordinate the deformation, pyramidal slips need to 

be activated. This is because { 1012 } twinning and 

pyramidal <c+a> slip are the only systems that provide 

deformation in the c-axis direction and compete with each 

other. And there is a transition from twinning to slip 

dominated deformation with decrease in grain size 
[17, 20]

. 

Therefore, it is suggested that pyramidal <c+a> slip 

dominates the deformation in concave region, while 

prismatic slip dominates the deformation in convex region. 

Due to the up-down bending, prismatic slip and pyramidal 

<c+a> slip alternately dominates the deformation. 

The optical microstructures and (0002) pole figures of 

CBA samples are illustrated in Fig.5. As shown in 

Fig.5a~5c, abnormal grain growth is observed in the surface 

part. The depth h of coarse-grained layer increases with the 

increase of accumulated strain in CB process. The abnormal 

grain growth may be owing to the heterogeneity 

deformation between surface and center part. During 

V-bending, AZ31 Mg alloy sheets bear varying strains 

throughout the sheet thickness 
[16]

. The surface part has 

larger strain than the center, leading to larger driving force 

for grain growth during annealing 
[21]

. Thus, the grains near 

the surface grow obviously and there is no significant 

difference in the center. 

Fig.5d~5f show the (0002) pole figures of CBA samples 

measured by XRD. As shown in Fig.5d and 5e, the CBA-1 

and CBA-2 samples still exhibit a typical basal texture with 

the basal poles inclined towards RD. The pole figure of 

CBA-2 sample exhibits a larger inclined angle than CBA-1 

sample, which may be attributed to the larger accumulated 

strains induced by CB process. The CBA-3 sample is 

characterized by (0002) texture with a double-peak distribu- 

tion. The spilt and rotation of basal poles are likely to be 

related to the occurrence of pyramidal <c+a> slip. Due to 

the inclination of basal poles, the dislocations with a <c> 

Burgers vector component are needed to accommodate the 

strain in the normal direction. For the suppression of 

twinning during bending, the <c+a> pyramidal slip is 

needed and also favorably oriented for the chosen 

deformation geometry 
[22]

. Previous studies 
[23-25]

 also 

indicated that the activity of <c+a> slip leads to an increase 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3  OM image (a) and (0002) pole figure (b) of as-received  

sample 
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Fig.4  OM images of different regions with different strains during CB-2 process 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5  OM images (a~c) and (0002) pole figures (d~f) of CBA-1 (a, d), CBA-2 (b, e) and CBA-3 (c, f) samples 

 

tendency of basal poles, rotating from ND towards RD. 

Compared with as-received sample, the basal texture 

intensity of CBA samples is gradually reduced with 

increasing the accumulated strain from the CB process. 

2.2  Mechanical properties and formability 

True stress-strain curves of as-received and various CBA 

samples are presented in Fig.6. The corresponding mecha- 

nical properties including yield strength (YS), ultimate 

strength (UTS) and failure elongation (FE) are summarized 

in Table 1, and r-values and hardening index n-values are 

also included. Compared with as-received sample, CBA 

samples exhibit a decrease trend in YS. It is well known 

that <a> basal slip has a great influence on the yield 

strength due to its lowest critical resolved shear stress 

(CRSS)
 [26]

. The larger the Schmid factor of basal slip 

systems, the more easily the basal slip is activated during 

tension, which is beneficial to the decrease in YS. Thus, due 

to the basal texture randomizing and weakening behavior, 

the Schmid factor of basal <a> slip increases, leading to the 

decrease in YS. In addition, the FE of CBA samples  
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Fig.6  True stress-strain curves of various samples 

 

Table 1  Mechanical properties of various samples 

Sample YS/MPa UTS/MPa FE/% r n 

As-received 183 334 16.5 2.98 0.23 

CBA-1 169 336 19.0 2.85 0.24 

CBA-2 140 328 18.2 2.13 0.26 

CBA-3 148 341 19.2 1.97 0.27 

 

increases from 16.5% to 19.0%, 18.2% and 19.2%. The 

SEM images of tensile fracture surface of as-received and 

CBA samples are shown in Fig.7. It can be seen from Fig.7a 

that there are many cleavage planes, tear ridges and a small 

amount of shallower dimples. The fracture surface 

belonging to the brittle mode shows the quasi-cleavage 

pattern. For AZ31 magnesium alloy with the hcp structure, 

restricted slip systems can be activated during tension, 

leading to the poor ductility at room temperature. After CB 

process followed by annealing, a large number of dimples 

appear on the fracture surface, indicating the ductile 

fracture mode. The enhanced ductility may be ascribed to 

the easy activity of basal <a> slip, resulted from the 

randomized and weakened basal texture. The easy 

activation of basal slip may restrict the occurrence of 

{ 1011 } twinning, which will cause localized deformation 

and early failure
 [27]

. 

The Erichsen value (IE) of various samples is summariz- 

ed in Fig.8. For as-received sample, the strong basal texture 

suggests that most grains are in a hard orientation and it is 

difficult to activate the basal <a> slip, leading to stress 

localization and early failure 
[25]

. Furthermore, the samples 

with strong basal texture exhibit a great plastic anisotropy,  

which induces a poor deformation capability of sheet 

thinning during stretch forming
 [28]

. This results in a low 

ductility and a poor formability with the IE of 2.3 mm at 

room temperature. Compared with as-received sample, the 

CBA samples exhibit higher IEs of 3.8 mm (increased by 

60.9%), 4.5 mm (increased by 95.7%) and 4.9 mm 

(increased by 113.0%). The improved formability of CBA 

samples can be attributed to the RD-tilt and weakened basal 

texture, which result in a smaller r-value and larger  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.7  SEM images of tensile fracture surface of as-received (a),  

CBA-1 (b), CBA-2 (c) and CBA-3 (c) samples 

 

 

 

 

 

 

 

 

 

 

 

Fig.8  Erichsen value (IE) of different samples 

 

n-value, as shown in Table 1. Previous studies
[26, 28]

 

indicated that prismatic <a> slip dominates the width strain 

and pyramidal <c+a> slips with the largest CRSS generate 

the thickness strain. This leads to a high r-value in strong 

basal texture magnesium alloys. For the weak basal texture 

with well-tilted c-axes, the basal <a> slip with the lowest 

CRSS greatly contributes to the thickness strain, which 

leads to a decrease in the r-value. This helps to enhance the 

deformation capability of sheet thinning during sheet 

forming. In addition, the larger n-value owing to the RD-tilt 

basal texture may be responsible for the enhanced 

formability. Kang et al 
[29]

 reported that magnesium alloys 

with a random texture will have a large work-hardening 

capacity since a large number of grains will be favorably 

oriented for deformation. The larger n-value leads to a low 

sensitivity to strain localization in the formation of necking, 

which contributes to the enhancement of formability 
[12]

. 

Therefore, the improvement in stretch formability can be 

attributed to the smaller r-values and larger n-values related 

to the weakened and RD-tilt basal texture. 
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3  Conclusions 

1) AZ31 Mg alloy sheets after different strain CB process 

exhibit a twin-free microstructure. After annealing, 

abnormal grain growth occurs in the surface part and the 

depth of coarse-grained layer increases with increasing the 

accumulated strain. A weakened basal texture can be 

obtained with the basal poles inclined to RD after CB 

process followed by annealing.  

2) The sheets processed by CB and annealing treatment 

exhibit lower yield strengths (148 MPa vs 183 MPa) and 

higher fracture elongation (19.2% vs 16.5%), which is 

mainly attributed to the texture evolution. 

3) Due to the randomized and weakened basal texture, 

AZ31 Mg alloy sheets processed by CB and annealing 

treatment exhibit smaller r-values and larger n-values, and 

the formability can be significantly enhanced.  
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AZ31 镁合金薄板经不同累积应变的连续弯曲变形后的显微组织与成形性能 
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摘  要：对 AZ31 镁合金板材进行不同累积应变的连续弯曲变形及退火处理，随后对显微组织与力学性能的变化进行了研究。结果

表明：经不同累积应变的连续弯曲变形后，镁合金板材的显微组织中没有发现孪晶，退火后，板材表层的晶粒异常长大，粗晶层

的厚度随着累积应变的增加而增加，并且镁合金板材的织构朝 RD 方向偏转，偏转角度随累积应变的增加而增大；与原始板材相比，

连续弯曲变形及退火处理使镁合金板材呈现出较好的室温成形性能（杯突值由 2.3 mm 提高到 4.9 mm，提高了~113%），这主要归

因于基面织构的改善使镁合金板材的 r 值减小与 n 值增大。 

关键字：镁合金；连续弯曲；显微组织；织构；力学性能；成形性能 
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