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Abstract: AZ31 rods were prepared by the extrusion-shear (ES) process with different shearing angles (150°, 135° and 120°), 

including direct extrusion process and subsequent shearing process. Microstructure evolution of AZ31 alloys with bimodal grains 

was investigated by optical microscopy (OM), scanning electron microscopy and electron back scattered diffraction (EBSD), etc. 

The results show that proportion of the large grain areas increases with the increase of strain. Bimodal-grained structures are 

observed by OM, and the narrow coarse grains are surrounded by the fine grains. The pole figures show that the texture changes with 

different shearing angles of the ES mould. Both the yield strengths and the peak strengths increase with decrease of the shearing 

angles gradually. As the shearing strain increases, the proportion of large grains increases while the size of small grains increases 

because both the deformation and the dynamic recrystallization fractions increase with the decrease of shearing angles. 
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Magnesium alloys, as the lightest commercial structural 

metallic materials, have great potential in the field of 

aerospace and automobile industry. Their advantages of 

magnesium alloys such as high specific strength, high specific 

rigidity, good damping capacity and rich resources have 

attracted researchers’ attention

[1,2]

. However, magnesium alloy 

generally exhibits poor deformation capacity at room 

temperature due to their hexagonal close-packed (hcp) crystal 

structure. Besides, the strength of magnesium alloy is still not 

comparable to that of high strength steel or even high strength 

aluminum alloy. So the development of magnesium alloy is 

not as fast as it should have been

[3-5]

. 

Severe plastic deformation (SPD) techniques have shown 

great advantages in improving the strength and ductility of 

magnesium alloys. Typical ultra-fine grained (UFG) structure 

can be obtained for magnesium alloys and the grain sizes are 

less than 1 µm. It is well known that fine grain size is 

beneficial to improve the strength and ductility of metallic 

materials simultaneously. Therefore, SPD methods have been 

used extensively for grain refinements and formability 

improvement of magnesium alloys

[6]

. Over the last decade, 

several SPD methods have been proposed, such as cyclic 

expansion-extrusion (CEE)

[7]

, twist extrusion (TE)

[8]

, 

equal-channel angular pressing (ECAP) and high-pressure 

torsion (HPT)

[6]

, etc.  

Though the ultra-fine grained magnesium alloys fabricated 

by SPD exhibit high yield stress based on Hall-Petch 

relationship, their ductility and toughness are still poor

[9]

. In 
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order to improve the ductility and toughness of the fine-grain 

structure, an idea of bimodal structure which includes fine 

grain (FG) and coarse grain (CG) structures has been 

proposed

[10]

. The purpose is to increase ductility, but the 

strength may drop. Some studies have shown that a good 

combination of strength and ductility can be obtained by 

introducing bimodal structures into magnesium alloys

[9,11,12]

. 

The research of the nanostructured metals with bimodal grains 

was firstly published by Tellkamp

[13]

 et al and Wang

[14]

 et al. 

Their works indicated that high strength and good ductility 

can be obtained simultaneously in the UFG copper alloys. 

Shekhar

[15]

 et al used the SPD method to obtain the 

multi-modal grain size in the copper alloy, and it was found 

that the ductility of the copper with multi-modal grain size is 

obviously higher than that of the copper alloy with coarse 

grains. Many theoretical studies have analyzed the mechanical 

performance of the bimodal-grained alloys, which is relevant 

to the grain size and volume fraction of CG

[16]

. 

Owing to the excellent mechanical properties of 

bimodal-grained materials, more and more attention has been 

paid to the relevant experimental and modeling research. 

However, the influences of bimodal grains on the mechanical 

properties of magnesium alloys have not been revealed 

distinctly.  

The process to prepare magnesium alloy rods includes two 

consecutive processes (extrusion process and subsequent 

shearing process, ES), which is put forward by Hu and 

Zhang

[17]

 et al. In this study, the commercial AZ31 magnesium 

alloy was prepared by ES process. In addition, three different 

shearing angles of ES mould were adopted, which would 

result in different strains and CG area ratios in the rods. Then 

the compression properties of the rods were analyzed by the 

microstructure distribution and the EBSD data of the 

compression process. The influences of the bimodal-grain 

structure on material properties were discussed. 

1  Experiment 

The as-received rods were extruded by ES process, and the 

diagrammatic sketch of ES mould is shown in Fig.1. It consists 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1  Schematic diagram of ES mould 

of two sections: (I) a conical section which includes upsetting 

zone and sizing zone; (II) a sloping channel section. In the 

conical section, the rod diameter can be reduced from 60 mm 

to 16 mm, and extrusion ratio is 14. Different shear angles Ф 

are controlled by the shearing part, which are equal to 150°, 

135° and 120°. 

The material used in this study was the commercial AZ31 

magnesium alloy with chemical composition of Mg-3Al-1Zn- 

0.6Mn (wt%). A very low fraction of Mg17Al12 particles 

existed in the initial microstructure. The as-cast billets were 

machined into round billets which were 60 mm in diameter 

and 70 mm in length before extrusion. Then the billets and the 

ES mould were heated to 623 K and insulated. Subsequently, 

the ES process started. The ES was conducted at 593±5 K by a 

hydraulic press of 200-ton capacity with an extrusion speed of 

5 mm·s

-1

. Finally, three rods were extruded by ES mould with 

different shear angles. 

The microstructures of the cross-section which were per- 

pendicular to the extrusion direction (ED) were characterized 

by optical microscope (OM). The samples were ground, 

polished and etched in acetic picral including 2 mL acetic acid, 

10 mL ethanol and 2 g picric acid. Grain size was measured 

by Image-pro Plus software. Crystallographic texture mea- 

surements were conducted by X-ray diffraction in the refle- 

ction geometry with a 3-axis goniometer and Cu Kα radiation. 

The comprehensive mechanical properties were determined 

by micro-hardness tests, tensile tests and compression tests. 

The micro-hardness of the samples was measured by an 

HXS-1000AY Vickers hardness tester with a load of 200 g and 

testing time of 15 s. At least 15 points of each sample were 

tested, and the average micro-hardness was obtained. The 

compression samples were machined into rectangle with the 

size of 7 mm×7 mm×10 mm. 

2  Results 

2.1  Microstructures 

Fig.2 presents the OM images of the samples after ES 

process with different shear angles. It can be observed that 

three samples have the bimodal-grained structure, and the 

narrow CG areas are surrounded by the continuous FG. 

800~1000 grains from at least three OM images of each 

sample are selected randomly to calculate the grain sizes. The 

boundary of coarse grains and fine grains is defined according 

to the distribution maps. And the boundary line used to 

estimate the area ratio of coarse grains is shown in Fig.3. 

In Fig.3a~3c, the grains of different sizes are approximately 

normally distributed in the range of grain size greater than 10 

µm and smaller than 10 µm. Therefore, 10 µm is selected as 

the grain size boundary standard for FG and CG in this 

research. There are obvious extrusion flow lines along the ED, 

and there are some fine dynamic recrystallized grains among 

deformed coarse grains. During the ES process, the strain 
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Fig.2  OM images of samples prepared by ES process with different shear angles Ф: (a) 150°, (b) 135°, and (c) 120° 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3  Grain sizes of samples prepared by ES process with 150° (a), 135° (b), and 120° (c) in shear angle; average grain size of coarse grain (CG) 

and fine grain (FG) with different shear angles (d); area ratio of coarse grain (CG) with different shear angles (e) 

 

increases with decrease of the shearing angles of ES mould 

gradually, the dynamic recrystallization becomes complete 

progressively, and the grains begin to grow. The elongated CG 

is replaced by the FG gradually (Fig.2b). When shear angle is 

120°, the uniform grains begin to grow (Fig.2c). Besides, the 

average grain size of the CG does not decrease with shear 

angle monotonically. When the shear angle is 120°, the 

average grain size of the CG increases slightly (Fig.3d). The 

average grain size of FG increases slightly with the decrease 

of shear angles. The evolution law of grain size is consistent 

with the observation of the OM images. Fig.3e shows the CG 

area ratio. As the shear angle reduces, the variation tendency 

of CG area ratio is similar to the change of the average size of 

CG. The order of the proportion of CG areas is as follows: 

120° (19.46%)>150° (16.87%)>135° (15.82%). 

2.2  Texture 

The pole figures illustrate the crystal orientation (c-axis) of 

the grains. The (0002) pole figures which are perpendicular to 

the rod axis for the ES-processed materials are shown in Fig.4. 

The pole figures demonstrate that textures change with 

different shearing angles of the ES mould. (0002) pole of 

magnesium alloy prepared by direct extrusion is shown in 

Fig.4a. The different colors indicate the texture intensities, and 

the maximum intensity of the macrotexture is 9.7. It can be 

seen that there are {0002} basal textures in AZ31 magnesium 

alloy fabricated by direct extrusion without shear angle. The 

texture is a symmetrical ring, and base plane (0001) is parallel 

to ED substantially. 
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Fig.4  Pole figures of the samples prepared by ES process with different shear angles: (a) without shear process, (b) 150°, (c) 135°, and (d) 120° 

 

Grain orientations of AZ31 magnesium alloy change during 

the ES process, leading to the preferred orientation of the 

crystal grains, and then textures are produced. Fig.4b~4d are 

the (0002) pole figures of magnesium alloy fabricated by ES 

mould with shear angle of 150°, 135° and 120°, respectively.  

Fig.4b shows the macrotexture of the extruded rod with 

extrusion temperature of 315 °C and shear angle of 150° of ES 

mould. The texture is a typical (1010) texture, but the strength 

of which improves significantly, indicating that the additional 

shear is beneficial to the formation of basal plane (0002) 

which is parallel to the ED. Fig.4c shows the macrotexture of 

the extruded rod prepared by ES mould with shear angle of 

135° and extrusion temperature of 315 °C, and the texture 

intensity is still high. 

2.3  Mechanical properties 

The micro-hardnesses of samples are shown in Fig.5a, 

which depicts hardness varying with change of shearing 

angles. The change trend of micro-hardness is exactly 

opposite to that of the area ratio of CG. The order of hardness  

HV is as follows: 135° (601 MPa)>120° (595 MPa)>150° 

(572 MPa). The average micro-hardness with shear angle of 

135° and 120° is higher than that with shear angle of 150°, 

and the difference is slight. 

The stress-strain curves of samples under different com- 

pression conditions at the room temperature are presented in 

Fig.5b, and compression mechanical properties of samples are 

shown in Table 1. The compression curves are all concave, 

and the shape of the stress-strain curve is characteristic of 

extruded magnesium alloys including extension twinning

[18]

. 

From the results in Table 1, the order of compression yield 

strength is: 120° (134 MPa)>135° (129 MPa)>150° (124 

MPa); the order of ultimate compression strength is: 120° 

(473 MPa)>135° (436 MPa)>150° (384 MPa). 

Both the yield strength and the peak strength increase with 

dropping of the shear angles gradually, which is different from 

the change trend of previous microstructure and micro- 

hardness. CG proportion of the samples fabricated by ES 

mould with shear angle of 120° is the largest, and the 

compression strength is the highest, which is different from 

the rule of Hall-Petch. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5  Vickers hardness HV (a) and stress-strain curves (b) of 

samples with different shear angles 

 

Table 1  Compression properties of samples fabricated by ES 

process with different shear angles (MPa) 

Shearing angle 150° 135° 120° 

Compression yield strength 124 129 134 

Ultimate compression strength 384 436 473 

 

2.4  Microstructure after 4% compression deformation 

Fig.6 shows the EBSD data of the extruded rods prepared 

by ES process with different shear angles, which includes the 

IPF figures with and without 4% compression deformation. In 

the IPF map, high angle grain boundaries (HAGBs) are pre- 

sented by black lines, and low angle grain boundaries (LAGBs) 

are presented by white lines. LAGBs are presented by gray 
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Fig.6  Orientation imaging maps for samples with shear angle of 150° (a

1

~a

3

), 135° (b

1

~b

3

), and 120° (c

1

~c

3

): (a

1

, b

1

, c

1

) initial sample, 

(a

2

, b

2

, c

2

) samples after 4% compression deformation, and (a

3

, b

3

, c

3

) grain boundary distribution map of sample after compres- 

sion; notation of the sample coordinate convention (d); sampling point (e) 

 

lines and {1012} tensile twin boundaries are presented by red 

lines. The notations of the sample coordinate convention are 

shown in Fig.6d. The samples are taken from the site labeled 

in Fig.6e. 

It can be seen from Fig.6a

1

, 6b

1

 and 6c

1

 that the micro- 

structure characteristics are consistent with the OM images 

which exhibit typical bimodal grains structures. As the shear 

strains increase, the proportion of large grains increase while 

the size of small grains increases as well because both the 

deformation and the dynamic recrystallization fraction 

increase with the decrease of shear angle. It can also be 

proved by the recrystallization distribution diagram in red 

regions, substructure in yellow regions, and recrystallized 

structure in blue regions in Fig.7. 

The proportion of the blue region increases with dropping 

of the shear angle significantly, and the large grains are 
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Fig.7  Dynamic recrystallization maps of sample with shear angle of 150° (a), 135° (b), and 120° (c) for EBSD tests 

 

situated in the blue region, which indicates that the coarse 

grains are elongated during the deformation process when the 

shear angle increases. Recrystallized grains grow coarser 

when the shear angle of ES mould is smaller. 

There are many red twins between the original blue and 

green grains in Fig.6a

2

, 6b

2

, and 6c

2

. It can be seen that the 

grain misorientation angle is about 86° in Fig.8, indicating 

that most of the twins are {1012} tensile twins. Because the 

textures of the magnesium alloy fabricated by ES process are 

fiber texture which are beneficial for the generation of tensile 

twins when forces are applied along the ED

[18]

. Fig.6a

3

, 6b

3

 

and 6c

3

 show some distinct peaks (86° <1210>) correspon- 

ding to {1012} twins, and the proportion of twins is 16.4% 

(150°), 18.5% (135°) and 20.8% (120°). The number of twins 

also varies with the shear angle linearly, because the coarse 

grains are more favorable for twining

[19]

. 

The pole figures of ES-processed magnesium alloy before 

and after 4% compression deformation are shown in Fig.9. 

The micro pole figures before deformation are similar to the 

macro pole diagrams. It is found that the basal planes (0001) 

of most grains are parallel to the extrusion direction in Fig.9a

1

, 

9b

1

 and 9c

1

. Furthermore, as the shear angles decrease, the 

(0002) planes deflect slightly. From the (1010) pole figures, it 

is found that the deflection causes diffusion of grain 

orientations after initial extrusion, resulting in the decrease of 

texture intensity.  

The 4% compression-deformed sample shows a large 

deflection of {1012}, and the original grains show deflection 

angle at 86.3°. In addition, many (0002) basal planes are 

perpendicular to the ED in Fig.9a

2

, 9b

2

 and 9c

2

 approximately. 

The texture intensities are lower than those of the initial textures 

of magnesium alloy before compression deformation. 

3  Discussion 

Continuous dynamic recrystallization coexists with discon- 

tinuous dynamic recrystallization during the hot working 

process of the AZ31 magnesium alloy

[20,21]

. The recrystal- 

lization nucleation points are usually near the grain boundary 

or twin boundary due to the high density of dislocations 

among the grain boundaries in the areas controlled by 

discontinuous dynamic recrystallization

[22]

.  

If the size of the initial grains differs from that of the 

recrystallized grains, bimodal-grained structure forms

[23]

. At 

the same time, the distinction between the nucleation grains 

and growth grains of continuous dynamic recrystallization is 

not obvious. The results show that ES processes promote 

formation of bimodal-grained microstructures with different 

CG area ratios.

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.8  Misorientation of grains of sample with different shear angles: (a) 150°, (b) 135°, and (c) 120° 
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Fig.9  Pole figures for samples before (a

1

, b

1

, c

1

) and after (a

2

, b

2

, c

2

) 4% compression deformation with shear angle of 150° (a

1

, a

2

), 135° (b

1

, b

2

), 

and 120° (c

1

, c

2

) 

 

The grain boundaries of magnesium alloys play a 

fundamental role in determining properties, such as strength, 

work hardening and mechanical shocks, etc

[24]

. A reduction in 

the grain size can enhance the yield strength, as the Hall-Petch 

relationship shows

[25]

: 

1/ 2

y 0

σ σ kd

−

= +                                 (1) 

where σ

y

 is the yield strength, σ

0

 is the friction stress for 

dislocation movement, k is the strength coefficient for the 

normal stress, and d is the grain size. This formula is also 

available for the tensile yield and compression yield. 

According to Yu’s research

[26]

, the tensile and compressive 

yield strengths increase linearly with the increase of d

-1/2

. 

However, the compressive yield strength of the bimodal- 

grained samples obtained in this experiment does not conform 

to this rule (Table 1). Therefore, the average grain size is not 

the key factor affecting the bimodal-grained samples. Based 

on the macroscopic textures, it is known that although the 

shear angle causes a slight deflection of the texture, the overall 

orientation is still hard on the external force along the ED, and 

the effects on performance are not great. 

It is found that the change in the yield strength of the 

compression test is opposite to the ratio of the CG area. CG is 

more conducive to the formation of twins. It is speculated that 

twins may have a certain impact on the yield strength. Garcés

[27]

 

found that the compressive behavior of the bimodal-grain 

structure alloy is controlled mostly by extension twinning. 

Fig.6a

1

, 6b

1

, and 6c

1

 show the IPF maps of sample before 

compression deformation and the SF is calculated by Eq.(2)

[9]

, 

which reflects the {1012} twinning activity. 

SF=cosλ·cosφ                                  (2) 

where λ is the angle between the load direction and the normal 

of twin plane, and φ is the angle between the normal of twin 

plane and shear direction. The SF values of the {1012} [101 1] 

tensile twins obtained from magnesium alloy fabricated by ES 

process with shear angle of 150°, 135° and 120° are 0.39, 0.41 

and 0.44, respectively. The higher the SF value, the lower the 

stress value required to activate the twin {1012}. 

When the shear angle is 120°, the ratio of large grain area is 

19.5%, and the SF value is also the highest (0.44). Similarly, 

the proportion of twins (20.8%) is the highest for the 

ES-processed magnesium alloy after 4% compression 

deformation with shear angle of 120°. 

Three coarse grains containing twins are selected from 

Fig.6a

2

, 6b

2

, and 6c

2

 (Fig.10). In contrast to Fig.6a

1

, 6b

1

, and 
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Fig.10  Twin in coarse grains of ES-processed magnesium alloy 

after 4% compression with different shear angles in Fig.6a

2

, 

6b

2

, and 6c

2

: (a) 150°, (b) 135°, and (c) 120° 

 

6c

1

, the original crystal grains are marked as A, B, and C, and 

the twin crystals are marked as A

T

, B

T

 and C

T

. These are 

represented in (0001) pole figures schematically. The c-axis of 

the initial grain is perpendicular to the ED approximately, 

while there is a deflection of 86.3° in the twin variant along 

the [1210] axis especially. The c-axis of the C

T

 is parallel to 

the ED approximately. In addition, B grain also produces two 

different twin variants, B

T1

 and B

T2

, and there is an angle of 

~120° between the two twins. The generation of twins can 

refine the grains, and the twins of various variants are 

intertwined with each other. The twin variants can retard the 

growth and propagation of the twins’ effective bimodal grain, 

thus an obstacle to the dislocation motion forms and the yield 

strength can increase. 

From the compression curves in Fig.5b, the strain hardening 

rates of sample fabricated by ES process with shear angle of 

120° is the highest, and its peak strength is the highest. In 

addition to the effects of twinning, significant back stress 

produced by large strain gradient near the interfaces plays an 

important role in work hardening for good ductility

[28]

.  

CG domains (soft domains) are constrained by FG domains 

(hard domains), urging dislocations to pile up and blocking 

domain interfaces. When there are large strain gradients, the 

necessary dislocations will be generated to accommodate the 

strain gradients in grains, and the dislocations accumulate in 

the boundary, resulting in back stress hardening

[29]

. As the 

tensile strains increase, the source of dislocations in the CG 

region (soft domain) activates firstly. It has a tendency to start 

plastic deformation. However, the CG areas are surrounded by 

fine grains, and the elastic deformation of the fine-grains may 

suppress dislocation transmission. As a result, the CG is 

deformed hardly. Therefore, back stress hardening results in 

high strain hardening rate and high ductility. 

4  Conclusions 

1) The grain boundary size between coarse grain and fine 

grain is about 10 µm, and the proportions of the large grain 

areas increase with the increase of strain. 

2) When the shear angle is 120°, the area ratio of coarse 

grain is 19.46%. At the same (4%) pre-compression level, the 

proportion of large grains, and the proportion of twin 

boundaries increase in the ES AZ31 Mg alloy. 

3) Microhardness HV and compression strength of ES 

sample with shear angle of 120° are greater, reaching 595 

MPa and 473 MPa, respectively. 

4) As the shearing strain increases, the proportion of large 

grains increases while the size of small grains increases 

because both the deformation and the dynamic recrystal- 

lization fractions increase with the decrease of shearing angle. 
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