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Abstract: To improve the ductility and formability of the Mg−3Al−1Zn alloy sheets, novel turned bearing extrusion 
(TBE) dies are designed based on the conventional extrusion (CE) die. Finite element simulations are performed to 
catch the distributions of strains and temperature fields during extrusion. The results show that gradient distribution of 
strain along the normal direction (ND) in TBE dies leads to the gradient microstructure. Furthermore, the transversal 
direction (TD)-preferred texture with ND-oriented grains deflecting toward extrusion direction (ED) is achieved. The 
TD-preferred texture is generated by the more activated non-basal slips in the TBE due to the higher temperature at a 
higher strain than that in the CE die. Because of the texture modification, the ductility and bendability of the TBE  
sheets. The elongation of the TBE-6 sheet reaches 33% and the bending angle reaches 83.5° when the sample is tested 
along 45° direction. 
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1 Introduction 
 

As the lightest structural metallic materials, 
Mg and its alloys are promising materials because 
of their high specific stiffness and specific  
strength [1−3]. At present, Mg alloys for industrial 
applications are mostly casting products. However, 
the defects in the products caused by the casting 
process such as shrinkage and porosity limit the 
application of casting components which can be 
avoided in the wrought Mg alloys [3,4]. 
Disappointedly, the strong basal texture of wrought 
Mg alloys originating from manufacture processes 
results in the poor plasticity and formability [5]. In 
recent years, a lot of efforts have been made to 
improve the plasticity and formability of the Mg 

alloy sheets [6−9].  
As the most universal processing method to 

optimize the microstructure and texture of wrought 
Mg alloys, severe plastic deformation (SPD), such 
as equal channel angular pressing (ECAP) [10,11], 
cyclic extrusion compression (CEC) [12] and 
accumulative alternating back extrusion (AABE) 
[8], is usually used to improve the mechanical 
properties. KIM et al [10] found that the grain size 
of the AZ61 Mg alloy prepared by ECAP was 
gradually reduced with increasing the processing 
passes. It was explained that the plasticity of the 
alloy increased after ECAP due to the activation of 
more slip systems during tensile tests caused by 
grain refinement. WANG et al [8] prepared the 
AZ31 through AABE method. As the processing 
passes of AABE increased to 4, the grains of the  
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alloy were significantly refined and the texture  
was weakened. As a result, the elongation along 
extrusion direction (ED), 41° direction (the 
deflection angle direction from ED to transverse 
direction) and transverse direction (TD) increased 
by about 8%, 7%, and 11%, respectively. The 
texture modification was attributed to the increase 
of 〈c+a〉 slip. 

SPD has remarkable effects on texture 
weakening and grain refinement. However, SPD is 
often used to prepare materials in small-scale [3,13]. 
The commercial extrusion is more advantageous 
than the SPD methods in the fabrication of Mg 
alloy products for industrial application. To 
combine texture weakening with production 
efficiency, asymmetrical extrusion was developed. 
As numerically simulated by CHEN et al [14], in 
the conventional extrusion, the strain along normal 
direction (ND) was symmetrical, which was 
responsible for the basal texture. But the strain 
distribution during extrusion in the asymmetric 
processing methods was changed [15], which was 
simulated in the research of XU et al [16]. Based on 
this theory, YANG et al [17] designed asymmetric 
extrusion dies with unequal bearings. The lengths of 
the upper and lower surfaces of die bearings were 
unequal, resulting in additional shear strain during 
the extrusion. The texture was deflected by about 
20° toward ED which led to the elongation along 
ED, 45° (the half angle between ED and TD) and 
TD increased by 1%, 2% and 4%, respectively. The 
additional asymmetric shear strain was the main 
reason for texture deflection. WANG et al [18] 
extruded AZ31 Mg alloy sheets by using the 
asymmetric porthole extrusion (APE) dies with 
different bridge angles. The texture was more 
weakened with increasing the bridge angle of the 
die. Compared with the sheets extruded by the 
conventional die, the Erickson cupping index value 
of APE-90 sheets exceeded that of conventional 
extrusion sheets by 74% because of texture 
weakening. These researches indicate that the 
asymmetric processing technology is effective in 
microstructure refinement and texture weakening 
and therefore can improve the plasticity and 
formability of Mg alloy sheets. However, the 
texture in these studies are deflected toward  
single direction, namely ED, which is mediocre   
to improve the plasticity and formability. 

In this study, a novel asymmetric die design, 

termed the turned bearing extrusion (TBE) die, was 
developed, in which the shear zone was designed to 
add the extra shear strain to conventional extruded 
stain. Mg−3Al−1Zn alloy sheets with TD-preferred 
texture and grain size gradient were produced via 
the TBE at 450 °C. The microstructures, tensile 
properties and bendability of TBE sheets were 
evaluated. Finite element simulations were carried 
out to calculate the state variables during the 
extrusion. This work fills the gaps of TD-preferred 
texture and gradient microstructure in AZ31 alloy 
sheets prepared by single pass extrusion, which 
provides another significant method to fabricate 
AZ31 alloy sheets with high plasticity and 
bendability. 
 
2 Experimental 
 

To enhance the shear strain, two turned bearing 
extrusion dies were specially designed. Figure 1 
shows the schematic diagram of the dies and 
bearings. Turned corners with heights of 1.5 mm 
(Figs. 1(g, h)) were introduced in the two turned 
bearing extrusion dies, denoted as TBE-3 and 
TBE-6. The turned corners had shear zones with 
widths of 3 and 6 mm for TBE-3 and TBE-6, 
respectively (Figs. 1(g, h)). The conventional 
extrusion (CE) die was employed as the case for 
comparison (Fig. 1(c)). The dimensions of the die 
orifices were all 56 mm × 3 mm, and the extrusion 
ratios were 29.9:1. 

The commercial AZ31 Mg alloy billets (Mg− 
3.05Al−1.01Zn−0.55Mn, wt.%) was employed in 
this study. The billets were cut into cylinders with 
the dimensions of d80 mm × 120 mm. To remove 
the dendrites, homogenization was conducted in 
resistance furnace at 450 °C for 12 h, followed by 
water cooling. Before extrusion, the billets were 
preheated to 450 °C and soaked at this temperature 
for 2 h. Thereafter, the extrusion experiments were 
carried out by an extruder with the ram speed of 
1.1 mm/s. The Mg alloy sheets were cooled in air 
when it was extruded out from the die orifice. The 
cross-sectional dimensions of the extruded sheets 
are 56 mm × 3 mm. 

Bending experiments were carried out by a 
V-shaped die setup with an angle of 90° and 
chamfer radius of 4 mm (Fig. 2(a)). Bending 
samples had the dimensions of 50 mm × 12 mm × 
3 mm in length, width and thickness, respectively. 
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Fig. 1 Schematic diagrams and dimensions of TBE-3 (a, d, g), TBE-6 (b, e, h) and CE (c, f, i) dies (Unit: mm) 
 

 
Fig. 2 Schematic diagrams of bending experiments (a), tensile specimens (b), bending specimens (c), positions of 
hardness measurement (d) and method for partitioning grain size (e) 
 
To investigate the effects of gradient microstructure 
on bendability, each group of tests included two 
cases, namely placing the coarse-grained region 
(CG) and the fine-grained region (FG) of the sheets 
outside. 

Tension and compression tests were conducted 
by a universal testing machine (CMT6305−300 kN) 
at ambient temperature to evaluate the mechanical 

properties of the extruded Mg alloy sheets. Dog- 
bone-shaped tensile specimens, with dimensions  
of 12 mm × 6 mm × 3 mm in gauge length, width 
and thickness, respectively, were cut along ED, 45° 
direction and TD of each sheet (Fig. 2(b)). 
Compression samples were cut into rectangles with 
dimensions of 9 mm × 6 mm × 3 mm in length, 
width and thickness, respectively. along ED, 45° 
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direction and TD. The strain rate was set to be 
2.7×10−3 s−1. The tests of the specimens under the 
same condition were repeated three times to ensure 
the reproducibility of the data. 

Hardness on ED−ND planes of samples was 
measured by Vickers microhardness tester 
(HVS−1000Z) with a load of 20 N and a dwell  
time of 15 s. The measured planes were ground to 
mirror surface by the 1200# sandpaper. Several lines 
parallel to ED were marked on the ED−ND plane, 
and the hardness values of 7 points on each line 
were measured by the tester (Fig. 2(d)). The 
average hardness value of these 7 points on each 
line represented the hardness of the position where 
the line was located. 

The optical microscope (OM, ZEISS Axiovert 
40 MAT), electron backscattered diffraction  
(EBSD, JEOL JSM−7800F) and transmission 
electron microscopy (TEM, FEI Talos F200S) were 
employed to observe the microstructure. After 
grinding with 1200# SiC sandpaper, samples were 
etched by the saturated picric acid solution (1.5 g 
picric acid, 5 mL acetic acid, and 25 mL ethyl 
alcohol) and observed by OM. To register the 
heterogeneity of grain size, the micrographs of the 
ED−ND planes were divided into 16 grids parallel 
to ED (Fig. 2(e)). The grains in each grid were 
completely counted, which were used to calculate 
the grain size distribution along ND. For EBSD 
tests, samples were ground with 1200# sandpaper, 
and electropolished by the AC2 electrolytic solution 
for 90 s. The polishing temperature was −25 °C and 
the voltage was set to be 20 V. The samples for 
TEM were ground to 50 μm and then prepared with 
ion beam thinning (GATAN, PIPS 691). The 
accelerating voltage for TEM observation was 
200 kV. 

Finite element simulations were carried out by 
the commercial software DEFORM-3D to calculate 
the distributions of temperatures and strains in   
the cavities of dies. The process parameters of  
finite element simulations, i.e., billet temperature 
(450 °C) and ram speed (1.1 mm/s), were as same 
as those of extrusion experiments. The extrusion 
simulations were based on the constitutive models 
of AZ31 alloy researched in Refs. [19,20]. Heat 
exchanges between the billet, extrusion tooling, and 
surrounding environment were allowed during the 
simulations. The thermal conductivity coefficient 
between billet and tooling was set to be 

11 N/(°C·s·mm2). A shear friction model was 
adopted at the interfaces between the billet and 
extrusion tooling and the friction coefficient was set 
to be 1 [21]. 
 
3 Results 
 
3.1 Microstructure 

Figure 3 shows the microstructure of the as- 
homogenized AZ31 alloy. The average grain size is 
144.7 μm. No dendrite is found under the OM and 
scanning electron microscope. In the scanning 
electron microscope micrograph, some strip-shaped 
particles exist. The particles are Al−Mn phases 
which are difficult to dissolve in α-Mg matrix [22]. 
Figure 4 shows the OM images of the as-extruded 
sheets produced by TBE-3, TBE-6 and CE. All 
grains along ND, namely the whole thickness,   
are observed. The nearly complete dynamic 
recrystallization (DRX) is observed in the OM 
micrographs. In addition, a little elongated 
filamentous grain is observed. The distributions   
of grain size in TBE-3 and TBE-6 samples exhibit 
gradient structures along ND. The grain size in the 
fine-grained side (FG) of TBE-3 sample is 11.6 μm, 
and it gradually increases to 74.8 μm in the middle 
layer, and finally drops to 51.1 μm (Figs. 4(a, d)).  
 

 
Fig. 3 OM (a) and scanning electron microscope (b) 
micrographs of as-homogenized AZ31 billets 
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The grain size of FG side in TBE-6 sheet is 12.4 μm, 
and it rapidly increases to 81.1 μm, and eventually 
decreases to 45.6 μm along ND (Figs. 4(b, d)). CE 
sample shows uniform and fine grains (Fig. 4(c)). 
The grain size of CE sheet is varied from 12.5 μm 
near the surface to 14.7 μm in the middle (Fig. 4(d)). 
The curves show the grain sizes of FG side of 
TBE-3 and TBE-6 sheets are similar, but the grain 
size of coarse grain region in TBE-6 is larger than 
that in TBE-3. The coarsest grains in TBE-3 and 
TBE-6 are almost as large as the as-homogenized 
grains, which can be the evidence of abnormal grain 
growth. The distribution of microhardness along 
ND is presented in Fig. 4(e). Hardness values of the 
Mg alloy sheets are in good agreement with the 
grain sizes. 
 
3.2 Texture of as-extruded AZ31 sheets 

Figure 5 shows inverse pole figure (IPF) maps 
and pole figures of TBE-3, TBE-6, and CE samples. 
TBE-3 and TBE-6 samples present TD-preferred 
texture in which the most c-axis of grains are 
parallel to TD with the residual ND-oriented grains 
titling towards ED. The maximum relative density 
of TBE-6 sheets is slightly higher than that of 

TBE-3 sheets. Such a texture type is unusual in the 
traditional as-extruded AZ31 alloys. The most 
common texture in wrought AZ31 alloy is strong 
basal texture with the c-axis of most grains parallel 
to ND [8,23,24]. In TBE-3 and TBE-6 sheets, the 
basal texture oriented grains have deflected 
orientations toward ED. The deflection angles of 
TBE-3 sheets and TBE-6 sheets are 15° and 12°, 
respectively. Such deflection is similar with the 
previous studies [15,17,25]. 

 
3.3 Mechanical properties and bending 

performance 
Figure 6 depicts tension and compression  

true strain−stress curves of TBE-3, TBE-6, and  
CE sheets along ED, 45° direction, and TD, 
respectively. Mechanical properties of as-extruded 
sheets are listed in Table 1. When tested along ED, 
the tensile yield strengths (TYSs) of TBE-3 sheets 
(151.8 MPa) and TBE-6 sheets (176.1 MPa) are 
30.5 and 6.2 MPa lower than the TYS of CE sheets 
(182.3 MPa), respectively. The tensile elongations 
(TEL) of TBE-3 and TBE-6 sheets are 1.8% and  
1.6% higher than the elongation of CE sheets. The 
tension curves along 45° direction show that TBE-3 

 

 

Fig. 4 Micrographs of Mg alloy sheets produced by TBE-3 (a), TBE-6 (b) and CE (c), and distribution curves of grain 
size (d) and microhardness (e) 
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Fig. 5 IPF maps (a, b, c) and pole figures (d, e, f) of TBE-3 (a, d), TBE-6 (b, e), and CE (c, f) samples on ED−ND 
planes 
 
sheets and TBE-6 sheets possess preeminent TELs 
of 33.0% and 31.4% which are 11.6% and 10% 
higher than the elongation of CE sheets (21.4%). 
When tested along TD, the TYSs of TBE-3 sheets 
(64.2 MPa) and TBE-6 sheets (68.7 MPa) are 50.2 
and 45.7 MPa lower than the TYS of CE sheets 
(114.4 MPa), respectively. The compression curves 
of CE sheets exhibit S-shape along all tested 
directions. However, the compression curves of 
TBE-3 and TBE-6 sheets along 45° direction and 
TD are not S-shaped. The compressive yield 
strengths (CYS) of CE sheets along ED, 45° 
direction and TD are 92.4, 81.3 and 90.0 MPa, 

respectively. TBE-6 sheets present lower CYSs 
along ED (65.2 MPa) and 45° direction (64.6 MPa) 
than TD (107.5 MPa). The TD-preferred texture 
dominates the deformation behavior of TBE-3 and 
TBE-6 sheets. 

Figure 7 shows the bending performance of 
TBE-3, TBE-6 and CE sheets. The histograms 
express the bending angles of the samples which 
contain the springback due to unloading. When 
tested along ED (Fig. 7(a)), TBE-6 samples can be 
successfully bent until the samples fit the surfaces 
of die with 90° angle. Both TBE-3 and CE samples 
are cracked before the samples are formed. The  
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Fig. 6 Tension (a, b, c) and compression (d, e, f) true stress−strain curves of TBE-3, TBE-6, and CE sheets along    
ED (a, d), 45° direction (b, e), and TD (c, f) 
 
Table 1 Mechanical properties along ED, 45° direction, 
and TD of TBE-3, TBE-6, and CE sheets 

Sheet Direction TYS/ 
MPa 

UTS/ 
MPa 

TEL/ 
% 

CYS/ 
MPa 

CYS/ 
TYS 

TBE-3 
0° 151.8 320.0 21.9 75.6 0.498 

45° 88.2 308.2 33.0 55.3 0.627 
90° 64.2 331.0 24.3 92.3 1.438 

TBE-6 
0° 176.1 293.2 21.7 65.2 0.370 

45° 68.9 302.1 31.4 64.6 0.938 
90° 68.7 340.5 26.0 107.5 1.565 

CE 
0° 182.3 306.2 20.1 92.4 0.507 

45° 128.0 298.6 21.4 81.3 0.635 
90° 114.4 343.5 24.4 90.0 0.787 

results indicate the TBE-6 sheets possess superior 
bendability to TBE-3 and CE sheets. As for bending 
properties along 45° direction, TBE-3 and TBE-6 
sheets can be formed without macroscopic crack, 
while the CE samples are cracked during the 
bending experiments (Fig. 7(d)). The preeminent 
bending performance of TBE-3 and TBE-6 sheets is 
attributed to the TD-preferred texture dominantly. 
When tested along TD, all TBE-3, TBE-6 and CE 
samples fail to form. The distinction of bending 
performance along TD of the three kind of sheets is 
negligible. It can be concluded that the bendability 
of TBE-3 sheets and TBE-6 sheets is superior to CE  
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Fig. 7 Bending curves (a, d, g), bending angles (b, e, h) and tested samples (c, f, i) of TBE-3, TBE-6, and CE sheets 
along ED (a−c), 45° direction (d−f) and TD (g−i) (FG−Fine-grained region; CG−Coarse-grained region) 
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sheets, and TBE-6 sheets possess the best 
bendability which can be formed without a macro- 
scopic crack along ED and 45° direction. 
 
4 Discussion 
 
4.1 Formation of gradient microstructure 

It is well known that the grain size of wrought 
Mg alloy is deeply influenced by strain during   
the hot working. Extra shear strain [26], higher 
extrusion ratio [27] and higher rolling reduction [28] 
can increase strain during hot working. By these 
ways, grain size is refined by creating more strain 
energy for nucleation. In this study, strains near the 
bearing of TBE dies are designed to be gradient to 
prepare material with gradient microstructure. 

The distributions of the equivalent strains 
during the steady extrusion state are analyzed to 
reveal the relationship between the strain field and 
the grain size distribution (Fig. 8). In all extrusion 
cases, the maximum strain is distributed in the 
region near the die bearing (Figs. 8(a−c)). This 
demonstrates that the DRX in above-mentioned 
position is the most intense. Therefore, the analysis 
of the equivalent strain is mainly focused on this 
position. The strain near the die orifice is traced 
along the arrow marked in Figs. 8(a−c). The 
strain−distance curves are plotted in Fig. 8(d) where 
the distance represents the length between the 

monitored point and lower surface of the sheet 
(surface of FG side in Fig. 4). The equivalent strains 
along the arrows in TBE-3 and TBE-6 exhibit a 
trend of decreasing first and then increasing. The 
equivalent strain along the arrows in CE shows 
stable trend less than 0.2. Such distribution of the 
strain is in good agreement with that of the grain 
size in OM images (Fig. 4). In TBE-3 and TBE-6 
dies, the equivalent strains close to the surfaces are 
larger than those inside the cavities. More strain 
energy is generated at a larger strain, thereby 
promoting the nucleation of DRX and the formation 
of fine grains. Consequently, it can be inferred that 
the gradient in grain size of the TBE sheets is 
mainly caused by the gradient in strain distribution. 

The strains near the die orifices of the TBE are 
higher than those of CE (Fig. 8(d)), but the average 
grain sizes of TBE sheets are larger compared with 
the CE sheets. Besides the strain, the temperature 
also plays an important role in the microstructure 
evolution of Mg alloy during the extrusion. Due to 
heat generated by friction and extrusion strain, 
larger strain and extrusion speed increase the 
extrusion temperature near the bearing [29−31]. As 
a result, the driving force of grain growth increases, 
and grain growth is more rapid. Therefore, in this 
work, coarser grains in the TBE sheets are formed 
due to the higher temperature compared with the 
CE sheets (Fig. 9). 

 

 
Fig. 8 Simulated equivalent strains in TBE-3 (a), TBE-6 (b), and CE (c) samples at steady extrusion state and 
distributions of strain along arrows (d) 
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Fig. 9 Simulated temperatures of TBE-3 (a), TBE-6 (b), and CE (c) samples at steady extrusion state and distributions 
of temperature along arrows (d) 
 
4.2 Formation of TD-preferred texture 

The modification of texture in wrought Mg 
alloy with double-peak texture is mainly due to the 
activation of non-basal slip. The addition of rare 
earth elements leads to pyramidal 〈c+a〉 slip and 
results in texture deflection in the as-extruded Mg 
alloy sheet [32−34]. AGNEW et al [35] carried out 
numerical simulations on Mg−Y alloys during 
texture evolution. They found that the activation of 
pyramidal 〈c+a〉 slip in Mg−Y alloy deflected the 
texture toward the direction perpendicular to the 
compression axis. LYU et al [36] found that, in the 
Mg−Y−Sm−Zn−Zr alloy prepared with indirect 
extrusion at 420 °C, pyramidal-II slip rotated    
the orientation of grains toward the direction 
perpendicular to the compression axis, which 
caused TD deflected texture. It is proven that the 
activation of pyramidal 〈c+a〉 slip can bring about 
TD-preferred texture. High temperature can also 
activate the non-basal slip and deflect the texture  
of Mg alloy. According to the research [37], at a 
superhigh temperature, the values of critical 
resolved shear stress (CRSS) of prismatic 〈a〉 slip, 
pyramidal 〈c+a〉 slip in AZ31 were close. Massive 
non-basal slips took place during the deformation. 

During extrusion process, the increase of 
temperature is the result of the heat generated    
by friction and plastic deformation [31]. Figure 9 

presents the simulated temperatures in TBE-3, 
TBE-6, and CE. The temperature distributions are 
traced by arrows and are presented in Fig. 9(d). The 
increase of temperatures mainly occurs near the  
die orifices where the strains are the highest. 
Temperatures near the die orifice of TBE-3, TBE-6 
and CE reach 544, 541 and 507 °C, respectively. 
The temperature in TBE-3 and TBE-6 is much 
higher than that in CE, because more heat is 
generated at a larger equivalent strain in the TBE 
dies. The superhigh temperature in TBE dies 
activates abundant non-basal slips. 

Figure 10 shows the dislocations observed 
near the die orifice of TBE-6. To observe the 
non-basal dislocations during extrusion, the 
extrusion experiment was interrupted. The sampling 
method is shown in Fig. 10(a). The non-basal 
dislocations can be identified with the criterion, 
g·b=0 (b is Burger vector) [38]. With g=0002, basal 
〈a〉 dislocation has no contrast, and only 〈c〉 and 
〈c+a〉 dislocations can be observed. In other words, 
the dislocations in Fig. 10(c) are non-basal 
dislocations, including 〈c〉 and 〈c+a〉 dislocations. 
Compared with total dislocations (Fig. 10(b)), 
non-basal dislocations (Fig. 10(c)) accounts for a 
large proportion. In Fig. 10(c), nano-scaled cell 
substructure can be observed, which is coarsened 
by absorbing dislocations during later deformation. 
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Fig. 10 Schematic diagram of TEM sampling method (a), HAADF bright field images of total dislocations and selected 
area electron diffraction patterns (b, d), and HAADF bright field images with diffraction condition of two beams and 
diffraction vector of g=0002 (c, e) 
 
Combined with the simulated temperature results 
and observed non-basal dislocations, it can be 
inferred that the TD-dominated texture is the result 
of the activation of abundant non-basal slips. With 
the activation of non-basal slips, the c axis of grains 
deflected along the compressed direction, and TD 
preferred texture came out [36]. To sum up, the 
formation of TD-preferred texture in this work is 
mainly attributed to the activation of non-basal slip 
caused by the superhigh temperature. 
 
4.3 Effects of texture and gradient grain size on 

mechanical properties 
The TYSs along ED, 45° direction and TD of 

TBE sheets are lower than the TYS of CE sheets. 
The grain size effect of TBE sheets plays a partial 
role in the decrease of TYSs. The proportion of 
grain size in the TBE sheets larger than that of CE 
sheets accounts for about 11/12 of the thickness 
(Fig. 4(d)). According to the Hall−Petch law, the 
coarser grains in the TBE sheets can weaken the 
blocking effect of grain boundary on dislocation 
slip and further reduce TYS [39−42]. Grain size 
effect also partially explains why the CYSs of TBE 
sheets along ED are lower than the CYS of CE 
sheets in which the predominant deformation 
mechanism is the {10 12}  twinning. When 
compressed along ED, 45° direction and TD, the 
deformation mechanism of CE samples is mainly 

{10 12} twinning owing to its strong basal texture, 
which can be reflected in the S-shaped compression 
curves of CE samples in Fig. 6. When compression 
tests are carried out along ED, 45° direction and  
TD, due to TD-preferred texture, angles between 
axes of compression stresses and c-axes of most 
grains in TBE sheets are about 90°, 45°, and 0°, 
respectively. Consequently, the deformation  
modes of TBE samples are dominated by {10 12} 
twinning, basal 〈a〉 slip and prismatic slip, 
respectively. As a result, the CYSs of TBE sheets 
along ED and 45° direction are lower than the CYS 
of CE sheets, while it is a little higher than the CYS 
of CE sheets along TD. 

Besides the effect of grain size, texture is 
another dominant factor in tensile tests. Basal 
texture with c axis parallel to ND is the hard 
orientation for AZ31 alloy sheet, whether the tensile 
stress is along ED, 45° direction or TD [43]. When 
tensile stress is imposed along the ED−TD plane of 
the sheet, basal slip and {10 12} twinning which 
have low CRSS at room temperature are difficult to 
activate. The SFs of grains with basal texture are 
low for basal slip and {10 12}  twinning under 
such stress conditions [44,45]. Table 2 shows the 
average SFs for basal slip when tensile stress is 
imposed along ED, 45° direction and TD. The 
TD-preferred texture obtained by TBE is not the 
same as the basal texture. In this work, the texture 
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Table 2 Average SF of basal 〈a〉 slip in grains of TBE-3, TBE-6 and CE sheets 

TBE-3  TBE-6  CE 

ED 45° direction TD  ED 45° direction TD  ED 45° direction TD 

0.159 0.373 0.203  0.117 0.417 0.096  0.092 0.279 0.228 

 
obtained by TBE can be divided into two parts: the 
basal component and the TD-oriented component. 
The ND-oriented grains in TBE-3 and TBE-6 sheets 
deviate by 15° and 12° from ND, respectively, 
which gives higher SFs for basal slip (0.159 for 
TBE-3 and 0.117 for TBE-6). This explains the 
decrease of TYS and the increase of TEL along ED 
for TBE-3 and TBE-6 sheets. 

TD-oriented grains possess soft orientation 
when tensile stress is imposed along 45° direction. 
TD-oriented grains have high SFs (0.373 for TBE-3 
sheets and 0.417 for TBE-6 sheets) for basal slip. 
High SFs for basal slip are attributed to much 
higher TEL of TBE-3 (33.0%) and TBE-6 (31.4%) 
sheets compared with CE sheets (21.4%). The 
plasticity of TBE sheets along 45° direction is 
higher than that in some other related studies.   
For example, the TEL along 45° direction of the 
wrought AZ31 alloy sheets in some previous studies 
was 22.4% [46], 27.3% [47] and 24.5% [48]. When 
tensile tests are carried out along TD, the dominant 
deformation modes in CE is prismatic 〈a〉 slip 
because of the strong basal texture. But the TEL 
along TD is larger than that along ED. Higher SF 
for basal 〈a〉 slip is the key factor for the larger  
TEL. When stretched along TD, the dominant 
deformation mechanisms in the TBE sheets are 
{10 12} twinning in the early stage and prismatic 
〈a〉 slip in the following stage. For the CRSS of 
prismatic 〈a〉 slip is larger than that of {10 12} 
twinning, the TYSs of TBE sheets are lower    
than those of CE sheets. Due to the coordinated 
deformation of multiple deformation mechanisms, 
TBE sheets exhibit similar TELs as CE sheet. 

In the bending experiment of this study, failure 
occurs at the outer side of the sample. During the 
bending process, the tensile stress in the outer 
region and the compressive stress in the inner 
region were widely reported [49−51]. As discussed 
above, ED-deflected grains in TBE sheets endow 
these grains with higher SFs for the basal slip. 
Similarly, TBE samples along 45° direction possess 
high SFs, while it is relatively low for CE samples. 
As a result, the bendability of TBE sheets along ED 

and 45° direction is more preeminent than that of 
CE sheets. 

The TD-preferred textures have dominant 
effects on plasticity and bendability. Besides, the 
existence of gradient microstructures is beneficial 
to the improvement of bendability. In the research 
by HE et al [52], the AZ31 alloy plates with coarser 
grain showed better bendability. It was explained 
that microcracks nucleation was shifted from 
nucleation along grain boundaries to nucleation at 
interior of grains. The generation of microcracks is 
delayed by coarse grains in the outer region. The 
stress state of inner regions of bending samples is 
compression along ED, which can lead to {10 12} 
twinning. The original texture is strong TD- 
preferred texture which is unfavorable for basal 〈a〉 
slip. However, after complete twinning, the texture 
becomes stronger and is more unfavorable for basal 
〈a〉 slip [44,53,54]. According to Ref. [41], the 
coarser the grains are, the easier the {10 12} 
twinning takes place. As a result, the inner region 
with coarser grain is more difficult to accommodate 
the strain after complete twinning. Therefore, The 
CG samples of TBE-3 show improved bendability 
than FG samples of TBE-3 and CE samples. 
 
5 Conclusions 
 

(1) Gradients in grain size are obtained in the 
sheets prepared by TBE at the billet temperature of 
450 °C, due to the gradient of strain along ND. 

(2) During TBE, higher strain increases 
extrusion temperature in the bearing zone compared 
with CE. Such a superhigh temperature results in 
the activation of non-basal slip, and further causes 
TD-preferred texture. 

(3) For the basal 〈a〉 slip, a high average SF of 
0.417 is achieved along 45° direction in TBE sheets 
because of TD-deflected texture, resulting in the 
improved plasticity and bendability. 
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摘  要：设计了一种采用弯曲定径带模具的新型非对称挤压工艺(TBE)，用以改善 Mg−3Al−1Zn 合金板材的力学

性能和成形性能。运用有限元分析揭示了挤压过程中的应变、温度等状态变量的分布。结果表明，在 TBE 模具

的模口处，应变沿板面法向(ND)呈梯度分布，这导致挤压板材显微组织的厚向梯度分布，同时得到 TD 择优取向

的织构，少量基面取向晶粒向挤压方向(ED)偏转。与传统挤压相比，TBE 过程中产生更多挤压热，模腔内温度更

高，使大量非基面滑移开启，导致板材 TD 择优取向织构的形成。通过改善织构，TBE 板材的塑性和弯曲性能均

得到明显提升，沿 45°方向的伸长率达到 33%，弯曲角度达到 83.5°。 

关键词：弯曲定径带挤压；TD 择优取向织构；塑性；弯曲性能；梯度晶粒尺寸 
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