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Abstract: The effect of the repeated unidirectional bending (RUB) process and annealing on the formability of magnesium alloy 
sheets was investigated. The RUB process and annealing treatments produce two effects on microstructure: grain coarsening and 
weakening of the texture. The sheet that underwent RUB and was annealed at 300 °C exhibits the best formability owing to the 
reduction of the (0002) basal texture intensity, which results in low yield strength, large fracture elongation, small Lankford value 
(r-value) and large strain hardening exponent (n-value). Compared with the as-received sheet, the coarse-grain sheet produced by 
RUB and annealing at 400 °C exhibits lower tensile properties but higher formability. The phenomenon is because the deformation 
twin enhanced by grain coarsening can accommodate the strain of thickness. 
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1 Introduction 
 

As the lightest metal structural material, magnesium 
alloys have many advantages, such as high specific 
strength, high specific stiffness, and high electromagnetic 
shielding. The use of Mg alloys is expanding, especially 
in automobile industry and consumer electronics 
industry[1−2]. However, because the magnesium alloy is 
in hexagonal structure and the critical resolved shear 
stresses (CRSS) for a basal slip are far below that for 
non-basal slips[3], it is difficult to deform at room 
temperature. Furthermore, normal rolled magnesium 
alloy has a strong (0002) basal plane texture, which leads 
to a greater anisotropy and affects the enhancement of its 
press formability[4−5]. MUKAI et al[6] and CHINO et 
al[7] showed that the ductility and the press formability 
of magnesium alloys are strongly affected by the texture 
and they can be improved effectively by controlling the 
(0002) basal texture. IWANAGA et al[8] revealed that 
the press formability of AZ31B magnesium alloy is 
strongly affected by texture variation, and the Erichsen 

value and LDR can reach 7.4 mm and 1.4 respectively at 
room temperature by lowering (0002) texture. Therefore, 
changing or weakening the (0002) base texture of 
magnesium alloy sheet is an effective way to improve the 
formability. In addition, CHINO et al[9] showed that the 
specimens with a larger grain size exhibit higher stretch 
formability. The enhanced basal slip due to lattice 
rotation by the twins (such as }1110{  twin) plays a 
critical role in deformation under biaxial tensile stress. 
Twin formation is enhanced by grain coarsening. Thus, 
not only the texture but also the grain size affects the 
stretch formability. 

Previous studies[10−12] revealed that the repeated 
unidirectional bending (RUB) process could improve the 
formability of magnesium alloy sheets by weakening the 
basal texture of sheets. In this work, the AZ31B 
magnesium alloy sheets after RUB are annealed at 
different temperatures and sheets with different 
microstructures and textures are obtained. Tensile and 
Erichsen tests at room temperature are conducted to 
investigate the effects of microstructure and texture on 
formability. 
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2 Experimental 
 

The as-received AZ31B magnesium alloy (Mg- 
3%Al-1%Zn, mass fraction) sheets with a thickness of 
0.6 mm were cut into 1 000 mm × 2 00 mm (length× 
width) pieces, and used in the experiments. Figure 1 
shows an abridged general view of the RUB process, 
where the magnesium alloy sheet was bent on a 
cylindrical support under a constant force F and a 
constant speed v. The bend direction was parallel to RD 
direction of the sheet. The radius of the cylindrical 
support was 1 mm and the bending angle was 90°. In the 
experiments, six-pass bending was used. The sheets that 
underwent RUB process were annealed at 200, 300 and 
400 °C for 60 min, respectively. 
 

 
Fig.1 Schematic illustration of apparatus for RUB 
 

Tensile specimens with 50 mm in gauge length, 10 
mm in gauge width and 0.6 mm in gauge thickness were 
machined along planes coinciding with the angles of 0° 
(RD) and 45° and 90° (TD) to the rolling direction by 
wire-cutting. The uniaxial tensile tests were carried out 
on a CMT6305-300KN electronic universal testing 
machine with a strain rate of 1×10−3 s−1 at room 
temperature to investigate the mechanical properties, 
such as yield strength, ultimate tensile strength and 
fracture elongation. The strain-hardening exponent 
(n-value) was determined from the uniform plastic 
deformation region of the tensile stress—strain curve. 
Also, additional tensile tests were conducted at room 
temperature to investigate the Lankford value (r-value). 
Thickness strain and width strain were measured for the 
r-value using specimens deformed to a true 
tensile-direction strain of 12%. 

The circular blank with a diameter of 90 mm was 
machined from the AZ31B magnesium alloy sheets for 
the Erichsen test. The Erichsen tests were carried out 
using a hemispherical punch with a diameter of 20 mm 
to investigate the press formability of AZ31B magnesium 
alloy sheets at room temperature. The punch speed was 
set to 10 mm/min and the blank-holder force was set to 
10 kN. A graphite grease as a lubricant was pasted on 

only central part of the specimens. And the Erichsen 
value (IE), which was the punch stroke at fracture 
initiation, was measured. 

The microstructure was observed by using a 
metallographic microscope and the (0002) pole figure of 
AZ31B magnesium alloy sheets was investigated by 
XRD. 
 
3 Results and discussion 
 
3.1 Microstructures and texture evolution 

The microstructures of AZ31B magnesium alloy 
along the RD–ND plane are shown in Fig.2, It can be 
seen that fine equiaxial grains with an average size of 7.5 
μm distributed in specimen A (Fig.2(a)). However, a few 
twins appeared in specimen B and the average grain size 
was 7.2 μm. Those twins were induced during RUB, 
which cannot be eliminated completely during annealing. 
This is because the recovery temperature 200 °C cannot 
cause fully recrystallization. Those twins disappeared 
owing to static recrystallization and those grains near the 
surface of sheet grew obviously in specimen C (Fig.2(c)). 
This is because those magnesium alloy sheets used in the 
experiments have a given thickness. There is a gradient 
of strain during bending of the sheet. The amount of 
deformation experienced in the region near the surface is 
higher than that in the center, which makes it possible to 
produce the gradient microstructure in the coarse-grained 
surface layer and the fine-grained layer in the middle of 
the sheet[13]. The average grain size was 8.0 μm in 
specimen C. The coarse grains evenly distributed in the 
entire region of specimen D and the grain size increased 
to 18.4 μm (Fig.2(d)). 

The (0002) pole figures of the magnesium alloy 
sheets in different states are shown in Fig.3. The 
as-received magnesium alloy sheet has a strong (0002) 
basal texture (Fig.3(a)) and the (0002) planes are 
intensively distributed parallelly to the RD–TD plane, 
which was typical (0002) plane texture for a rolled 
specimen[8, 14]. For the magnesium alloy sheet that 
underwent RUB and was annealed at 200 °C, the c-axis 
of the grains had slight spread distribution in the RD and 
the basal texture tended to incline from the ND towards 
the RD. After the magnesium alloy sheet underwent 
RUB and was annealed at 300 and 400 °C, the texture 
components became more disperse, and the basal texture 
was weakened because c-axis became inclined from the 
ND towards the RD. 

 
3.2 Tensile properties and stretch formability 

The true stress— strain curves of the sheets in 
different states in the tensile directions of RD are shown 
in Fig.4. The tensile strength, yield strength and the 
fracture elongation are shown in Fig.5. The tensile  



ZHANG Hua, et al/Trans. Nonferrous Met. Soc. China 21(2011) 844−850 846 
 

 

 
Fig.2 Optical micrographs of AZ31B magnesium alloy: (a) As-received specimen A; (b) RUB specimen B after annealing at 200 °C 
for 1 h; (c) RUB specimen C after annealing at 300 °C for 1 h; (d) RUB specimen D after annealing at 400 °C for 1 h 
 

 

Fig.3 {0002} pole figures of specimen A (a), specimen B (b), specimen C (c) and specimen D (d) 



ZHANG Hua, et al/Trans. Nonferrous Met. Soc. China 21(2011) 844−850 847
 
 

 
Fig.4 True stress–true strain curves of AZ31B sheets in 
different states in tensile directions of RD 
 
strength of specimen B was nearly the same as that of 
specimen A regardless of the tensile directions. While the 
tensile strength of specimens C and D was slightly lower 
than that of specimen A, especially for specimen D in the 
RD and 45° directions. However, compared with 
specimen A, the yield strength decreased significantly 
with increasing annealing temperature for specimens B, 
C and D in three directions, especially in the RD 
direction, as shown in Fig.5(b). It was pointed out that 
the contribution of grain refinement to the strength is 
significant in magnesium alloys with HCP structure[15]. 
Previous studies[16−17] showed that the strength and 
grain size of magnesium alloy are consistent with 
Hall-Petch relationship. Grain refinement will increase 
the number of obstacles to dislocation motion and reduce 
the length of groups of dislocations within the grain, 
resulting in increased yield strength. On the other hand, 
magnesium alloys can be strengthened by introducing the 
strong basal texture parallel to the tensile 
direction[18−19]. It is expected that the inclination of the 
basal plane in the material would decrease the 
contribution of strengthening by texture change. These 
results indicate that the annealing temperature after RUB 
has a little effect on the tensile strength but a strong 
effect on the yield strength. 

The fracture elongations of specimen B were lower 
in all tensile orientations than those of specimen A, as 
shown in Fig.5(c). Some studies[20−21] found that twin 
induced can cause work hardening during RUB. The 
deformation twinning is harmful for the forming of 
sheets[22−23]. This is because work-hardening and twins 
induced during RUB are not eliminated completely 
during annealing. However, the fracture elongation of 
specimen C was improved in all tensile orientations 
owing to the elimination of work hardening and twins. 
Because the c-axis is mainly inclined towards the RD, 
the yield strength was the lowest and the fracture 

 

  
Fig.5 Ultimate tensile strength (a), yield strength (b) and 
fracture elongation (c) of AZ31B sheets in different states in 
tensile directions of RD, TD and 45° 
 
elongation showed the largest increase in the RD tensile 
orientation [10]. Additionally, the fracture elongations of 
specimen D were lower in all tensile orientations than 
those of specimen C though the difference of the (0002) 
plane texture intensity between specimens C and D is 
small. The phenomenon is because of the coarse 
grains[9]. The result indicates that the effects of tilted 
texture on the fracture elongation are negligible in 
AZ31B magnesium alloy with coarse grains. As a result, 
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the ductility enhancement is probably associated with the 
slight change in the basal texture[24] and/or reduction in 
grain size[15]. 

The r-values of the specimens are shown in Fig.6(a). 
The r-value decreased significantly with increasing 
annealing temperature after RUB in all tensile directions 
especially in the RD direction. While the r-values of 
specimens C and D were almost the same. It is 
interesting to note that the specimens with lower texture 
intensity had lower r-value for specimens A, B and C 
with nearly the same grain size. HUANG et al[25] 
showed that a weak basal texture favored basal slip 
during deformation compared with a strongly basal 
textured sheet. For the sheet with well-tilted c-axis, the 
basal 〈a〉 slip with the lowest CRSS greatly contributes to 
the thickness strain, which leads to a decrease in the 
r-value. CHINO et al[26] showed that a rolled AZ31B 
magnesium alloy sheet with low (0002) plane texture 
intensity exhibited low average r-value, which 
corresponds to the enhancement of thickness-direction 
strain. So, the decrease in the r-value indicates that it is 
easy to reduce or increase the thickness of sheet during 
the plastic deformation. 
 

 
 
Fig.6 r-value (a) and n-value (b) of AZ31B sheets in different 
states in tensile directions of RD, 45° and TD 

The n-values of the specimens are shown in Fig.6(b). 
The n-value increased significantly with increasing 
annealing temperature after RUB in all tensile directions. 
The n-value increased most significantly for specimens B 
and C. The inclination of the c-axis may increase the 
n-value due to the restricted dynamic recovery      
and the activated }2110{  extension twinning[27−28]. 
SOMEKAWA et al[29] showed that AZ31B Mg alloy 
processed by ECAE had high n-value, and the increase in 
n-value was due to the modified distribution of basal 
texture. The n-value is one of the important factors which 
control metal sheet’s resistance to plastic instability. 
CHINO et al[30] reported that the reduction of plastic 
instability should be also responsible for lower texture 
intensity of the AZ31B magnesium alloy sheets. The 
high n-value leads to a low sensitivity to strain 
localization in the form of necking and is responsible for 
the increase in the uniform elongation, which is known 
to be equivalent to the n-value at the point of the 
maximum load[27]. 

Figure 7 shows the Erichsen values (IE) of the 
specimens. The Erichsen values were 3.18, 4.04, 6.02 
and 5.76 mm for specimens A, B, C and D, respectively. 
The Erichsen value of as-received sheet (specimen A) 
was only 3.18 mm due to the strong (0002) textural 
component, which is harmful to the formability. 
Although the (0002) basal texture was weakened 
significantly for the sheet that underwent RUB followed 
by annealing at 200 °C, the value was only 4.04 mm. 
This can be attributed to work-hardening and twining, 
which were not eliminated completely. However, the 
Erichsen value was remarkably enhanced to 6.02 mm for 
the sheet that underwent RUB followed by annealing at 
300 °C. While the Erichsen value reached 5.76 for the 
sheet that underwent RUB and was annealed at 400 °C 
though it had the lower fracture elongation and coarse 
grains. It should be noted that the stretch formability is 
more sensitive to the r-value and the n-value than the 
tensile elongation. The width strain can contribute to the  
 

 
Fig.7 Erichsen values of AZ31B sheets in different states 
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total strain for uniaxial tensile extension, while the 
thickness strain is most necessary under a biaxial tension 
stress state of stretch forming, and a smaller r-value and 
a larger n-value may enhance the deformation capability 
of sheet thinning[27]. The above analysis shows that a 
lower texture intensity induces a smaller r-value and a 
larger n-value. It is concluded that the superior stretch 
formability of AZ31B magnesium alloy sheet can be 
mainly attributed to the reduction of the (0002) basal 
texture intensity, which results in the small r-value and 
the large n-value. The formability of AZ31B magnesium 
alloy sheet with coarse-grained surface layer and 
fine-grained layer is better. 

Additionally, specimen D with coarse grains 
showed excellent stretch formability compared with 
specimen A with fine equiaxial grains. The 
microstructural observations show that there are more 
twins in the sheet that underwent RUB and was annealed 
at 400 °C than in the as-received sheet, as shown in Fig.8. 
CHINO et al[9] reported that not only the texture but 
also the grain size affects the stretch formability. Twin 
formation during deformation was enhanced by grain 
coarsening. While the lattice rotation by the twins (such 
as }1110{  twin) played a critical role in deformation 
under the biaxial tensile stress, inducing strain in the 
thickness direction. This resulted in the improvement of 
stretch formability. The present results well agree with 
the results in the previous researches. 
 

 
 
Fig.8 Microstructures of AZ31B magnesium alloy sheets 
stretch-formed to failure: (a) As-received; (b) RUB + 400 °C 
annealing 

 
4 Conclusions 
 

1) The RUB and annealing produce two effects on 
microstructure: grain coarsening and weakening of the 
texture.  

2) The formability of sheet with coarse-grained 
surface layer and fine-grained middle layer is better. The 
superior stretch formability of AZ31B magnesium alloy 
sheet can be mainly attributed to the reduction of the 
(0002) basal texture intensity, which results in low yield 
strength, large fracture elongation, small r-value and 
large n-value. 

3) AZ31B magnesium alloy sheet with coarse grains 
shows excellent stretch formability because the 
deformation twin enhanced by grain coarsening can 
accommodate the strain of thickness. 
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显微组织和织构对 AZ31B 镁合金成形性能的影响 
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摘  要：通过单向多道次弯曲(RUB)工艺及随后的退火处理来改变镁合金的显微组织和织构，研究显微组织和织

构对其成形性能的影响。RUB 工艺和不同温度下的退火处理对显微组织有两方面的影响：粗化晶粒和削弱织构。

经 RUB 处理并在 300 °C 退火的板材表现出最好的成形性能。这主要归因于(0002)基面织构强度的削弱，而织构

的削弱导致了较低的屈服强度、较大的断裂伸长率、较小的 Lankford 值(r 值)和较大的加工硬化指数(n 值)。与原

始板材相比，经 RUB 处理并在 400 °C 退火而产生的具有粗大晶粒的板材具有较低的拉伸性能，但却表现出较高

的成形性能。这主要是由于粗大晶粒增强了变形孪晶，而变形孪晶可以协调厚向应变。 

关键词：镁合金板材；单向多道次弯曲；显微组织；织构；成形性能 
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