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Abstract: In order to realize cold forging of magnesium alloys in practical application, some methods for ductility improvement of a 
commercial wrought AZ31B magnesium alloy (Mg-3%Al-1%Zn, mass fraction) at room temperature were suggested. The effects of 
heat treatment before forging and hydrostatic pressure during forging on the ductility were investigated in cold upsetting and cup 
forging. High-temperature annealing was effective to reduce the degree of the texture anisotropy of the specimen, and it was found 
that the forging limit of the annealed specimen was improved in cold forging. On the other hand, cold cup forging of the annealed 
specimen was carried out with applying counter pressure. By applying counter pressures of 100−200 MPa during forging, the critical 
punch stroke for forging limit of the specimen without crack was improved by 25% in punch stroke. 
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1 Introduction 
 

In order to realize mass reduction of structural 
component in industrial products, magnesium alloys are 
expected to be used for lightweight structural and 
functional parts in many industrial areas owing to the 
low density as well as the high specific strength[1−2]. 

Since Mg alloys have hexagonal close-packed 
structure, they are brittle at room temperature, and are 
usually formed at temperatures higher than 473 K[3]. 
However, cold forming of Mg alloys has been strongly 
desired in industry due to simplicity of forming 
equipment and excellent properties of formed products. 
To enable forming of Mg alloys at temperatures lower 
than 473 K, some methods for reduction of grain size of 
Mg alloys and control of texture of Mg alloys have been 
developed[4−5]. It is known that fine-grained and 
texture-controlled Mg alloys exhibit large ductility. 
However, the production of fine-grained and texture- 
controlled Mg alloys necessitates special equipments, 
and is too expensive for industrial use. On the other hand, 
some forming methods for ductility improvement of 
commercial Mg alloys are suggested as alternative 
methods[6−7]. If the simple and inexpensive methods for 
improvement of the ductility are developed, the use of 

Mg products could be expanded rapidly. 
In this study, to improve the forging limit of a 

commercial AZ31B Mg alloy (Mg-3%Al-1%Zn, mass 
fraction, the same below if not mentioned) in cold 
forging, heat treatments of the alloy before forging and 
hydrostatic pressure during forging were considered. The 
influences of the annealing temperature of the alloy and 
the counter punch pressure on the ductility were 
investigated in upsetting and cup forging. 
 
2 High-temperature annealing 
 
2.1 Annealing conditions and microstructure of 

annealed specimen 
The material tested was a commercial wrought 

AZ31B Mg alloy (Mg-3%Al-1%Zn), extruded round bar. 
The chemical compositions of the alloy are listed in 
Table 1. The wrought AZ31B alloy was annealed at 
different temperatures between 473 and 773 K for 1 h 
before forging. Fig.1 shows the microstructures of the 
annealed Mg specimens. The grain size of the 773 K- 
annealing specimen was larger than that of the 473 K- 
annealing specimen. The influences of annealing 
temperature on the average grain size and Vickers 
hardness of the annealed specimen are shown in Fig.2. 
The average grain size increased with increasing annealing 
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temperature (Ta), especially, between 673 and 773 K, the 
average grain size (davg) sharply increased from 15 to 35 
µm, and the hardness decreased from HV 65 to HV 53. 
Fig.3 shows the (0001) pole figures of the annealed 
specimens measured by X-ray diffractometer. The 
maximum intensity Imax decreased with increasing 
annealing temperature, i.e. the degree of the texture 
anisotropy decreased at high-temperature annealing. 

From these results, the grain size and degree of 
texture anisotropy of the specimen are changed with 
annealing temperature; in the case of annealing at 773 K,  
 
Table 1 Chemical compositions of AZ31B magnesium alloy 
used for experiment (mass fraction, %) 

Al Zn Mn Si Cu Ni Fe Ca Mg
3.0 0.89 0.50 0.028 0.016 0.0008 0.002 0.001 Bal.

 

 
Fig.1 Microstructures of annealed AZ31B magnesium alloy at 
different annealing temperatures: (a) 473 K; (b) 773 K 

 

 
Fig.2 Influences of annealing temperature on average grain size 
and Vickers hardness of annealed AZ31B magnesium alloy 
 
the specimen with large grain, low hardness and 
relatively isotropic texture is obtained. The influence of 
these factors on the forgeability is examined by upsetting 
and cup forging. 
 
2.2 Forging limit of annealed AZ31B specimen in 

upsettability test 
Forging limit of the annealed AZ31B specimens at 

different temperatures was investigated by the 
upsettability test[8]. In the test, a cylindrical specimen 
was compressed between the grooved platens, which 
restricted the sliding of the end surfaces. The forging 
limit was determined as the reduction in height of the 
specimen when a crack was observed first on the surface 
of the compressed specimen. The test was conducted on 
a material testing machine with a compression speed of 
8.3 mm/s; the initial strain rate was about 0.3 s−1. The 
annealed AZ31B specimen for upsetting was cylindrical 
in shape with a diameter of 18 mm and a height of 27 
mm. For the comparison with the wrought Mg specimen, 
two kinds of commercial cast AZ31 specimens with 
different average grain size were also prepared. The 
average grain size and maximum intensity of (0001) pole 
figure of the cast specimens were 86 µm and 2.1 in cast 
alloy Ⅰ, 144 µm and 2.1 in cast alloy Ⅱ, respectively. 

 

 
Fig.3 (0001) pole figures of annealed AZ31B specimens at different annealing temperatures: (a) 473 K; (b) 623 K; (c) 773 K 
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The cast specimen has large grains and random texture 
compared with the wrought specimen. 

Fig.4 shows the relation between the forging 
temperature and the forging limit of the annealed 
specimens in the upsettability test. Irrespective of 
annealing temperature, the mode of fracture was changed 
from the shear-type to the ductile-type at forging 
temperature around 473 K, and the ductility was 
discontinuously changed. At forging temperatures lower 
than 423 K, the forging limit of the 773 K-annealing 
specimen was higher than that of other specimens, while 
the forging limit of the 773 K-annealing specimen was 
lower than that of other specimens at forging 
temperatures higher than 473 K. On the other hand, the 
forging limit of the cast specimens was higher than that 
of the annealed wrought specimens at forging 
temperature lower than 423 K although the average grain 
size of the cast specimens was larger than that of the 
annealed wrought specimens. In the cast specimens, the 
forging limit of the cast specimen with smaller grains 
was higher than that of the cast specimen with larger 
grains. The maximum intensity of (0001) pole figure and 
average grain size of the forged specimens are shown in 
Fig.5. The maximum intensity of the forged cast 
specimen was kept to low value, i.e. strong basal texture 
was not caused during upsetting, while the average grain 
size of the forged cast specimen was larger than that of 
the forged wrought specimens. 

Thus it is confirmed that the reduction of the degree 
of texture anisotropy of the specimen is effective to 
improve the forging limit in cold forging as well as grain 
refinement. Fine-grained Mg alloy with isotropic texture 
may provide better forgeability for practical cold forging. 
 

 

Fig.4 Relation between forging temperature and forging limit 
of AZ31B specimens annealed at different temperatures in 
upsettability test 
 
2.3 Forging limit of annealed AZ31B specimen in cup 

forging 
To demonstrate the validity of the forgeability of the 

 

 
Fig.5 Changes of maximum intensity of (0001) pole figure and 
average grain size of AZ31B specimens during upsetting 
 
annealed AZ31B specimen obtained in the upsettability 
test, cup forging was carried out on an AC 
servo-controlled press (Komatsu Industries Corp., 
H1F45). The apparatus for cup forging is shown in Fig.6. 
The diameter of the punch was 16 mm, and the inside 
diameter of the container was 24 mm; the reduction ratio 
of cross-sectional area was 0.56. The annealed AZ31B 
specimen for cup forging was cylindrical in shape with a 
diameter of 24 mm and a height of 10 mm. The specimen 
was forged with a punch speed of 80 mm/s without 
lubrication. 
 

 
Fig.6 Tool arrangement for cup forging on AC servo-controlled 
press 
 

Fig.7 shows the cross-sectional views of the 
specimens forged at 423 K. Irrespective of the annealing 
and forging temperatures, cracks were caused in two 
stages during cup forging: cracks were initiated from 
inside surface of the specimen at first (Fig.7(c)), and then 
different cracks were caused on the outside surface of the 
specimen (Fig.7(d)). 

The relation between the forging temperature and 
the forging limit without crack in cup forging is shown in 
Fig.8. At forging temperatures lower than 423 K, the 
forging limit of the 773 K-annealing specimen was 
higher than that of the 623 K-annealing specimen, while 
the forging limit of the 623 K-annealing specimen was 
higher than that of the 773 K-annealing specimen at 
forging temperatures higher than 473 K. This is the same 
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Fig.7 Cross-sectional views of initial and forged AZ31B specimens (Ta=623 K, forging temperature: 423 K) 
 
 

 

Fig.8 Effect of annealing temperature on forging limit of 
wrought and cast AZ31B specimens in cup forging 
 
tendency as the forging limit in the upsettability test as 
shown in Fig.4, and thus it is confirmed that the 
forgeability of AZ31B can be extended by employing a 
proper heat treatment in other type of forging. 
 
3 Forging direction 
 
3.1 Upsetting 

The influence of the forging direction on the 
ductility in cold forging was examined with AZ31B 
specimen annealed at 623 K. The initial AZ31B 
specimens were machined from the AZ31B extruded bar 
so that the height directions (φ) of the specimen were 0˚, 
30˚, 45˚, 60˚, 90˚ to extrusion direction of the AZ31B bar. 
Fig.9 shows the forging limit of the specimens in the 
upsettability test. The forging limit of 45˚ was about 2.5 
times higher than that of 0˚ and 90˚, and it was almost 
the same as the cast one. The change of the maximum 
intensity of (0001) pole figure of the specimens during 
upsetting is shown in Fig.10. In upsetting of the 
specimen of 0˚, the maximum intensity rose rapidly at 
small reduction in height, i.e. strong basal texture was 
caused during upsetting, and crack was considered to be 

caused. On the other hand, the maximum intensity of 45˚ 
was kept to low value compared with that of the wrought 
specimens of other directions. It is noticed that the 
forging limit and texture evolution are considerably 
influenced by the forging direction. It is essential for the  
 

 

Fig.9 Relation between forging direction and forging limit of 
AZ31B specimen in upsettability test 
 

 
Fig.10 Relation between forging direction and maximum 
intensity of (0001) pole figure of AZ31B specimens in 
upsettability test (φ: angle between extrusion direction and 
forging direction) 
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improvement of the cold forgeability to prevent from 
causing the strong basal texture during cold forging. 
 
3.2 Cup forging 

Cup forging was conducted on a hydraulic 
servo-controlled testing machine (Shimadzu Corp., 
EHF-EB100kN-20L-S) with a punch speed of 5.0 mm/s 
at room temperature using a machine oil for lubrication. 
The cone angles (α) of the punches were 90˚ and 180˚, 
and the diameter (Dp) was 8.4 mm (the reduction ratio of 
cross-sectional area: 0.82) as shown in Fig.11. The 
AZ31B specimen was annealed at 623 K, and the initial 
specimen shape was cylindrical with a diameter of 20 
mm and a height of 13 mm. The height direction of the 
specimen was parallel to the extrusion direction of the 
AZ31B bar. 
 

 
Fig.11 Schematic illustrations of end shape of punch for cup 
forging: (a) α=90˚; (b) α=180˚ 
 

Fig.12 shows the cross-sectional views of the forged 
specimens. In the case of the punch with the flat end 
surface (α=180˚), cracks occurred around the punch 
corner in the early stage of forging (s/Dp=0.07), while in 
the case of forging with the conical punch of α=90˚, 
crack was not initiated from the punch corner, and the 
specimen could be forged to a punch stroke of s/Dp=1.1 
without crack. It is noted that the forging limit without 

crack is strongly affected by the end shape of punch in 
cup forging. In the forging with the conical punch of 
α=90˚, the material flow around the end surface of the 
punch during forging occurred in the direction of 45˚ to 
the extrusion direction of the AZ31B bar, and the crack 
was not initiated from the punch corner. Same tendency 
was obtained between the forging limit in cup forging 
and upsetting because the forging limit of φ=45˚ was 
higher than that of other directions in upsetting as shown 
in Fig.9. 
 
4 Hydrostatic pressure 
 
4.1 Cup forging against counter pressure 

To improve the ductility of Mg specimen in cold 
forging, counter force was applied during cup forging 
because the ductility of metal was generally improved by 
imposing high hydrostatic pressure[9]. A tool to provide 
counter force to the AZ31B specimen was located 
outside of the punch as shown in Fig.13. The counter 
punch pressure (Pc) of 0−300 MPa was applied to the 
specimen downward from the exit surface of the 
specimen during forging. Counter punch pressure was 
defined as follows: 

Pc=Counter punch force/Cross-sectional area of 
counter punch 

The 623 K-annealing AZ31B specimen was 
cylindrical in shape with a diameter of 14 mm and a 
height of 13 mm, and was forged by the conical punch 
with Dp=6.0 mm, α=90˚ at room temperature using a 
machine oil for lubrication. The reduction ratio of 
cross-sectional area was 0.82, and the punch forging 
speed was 1.0 mm/s. 

Fig.14 shows the relationship between the counter 
punch pressure and the forged specimen shapes. In the 

 

 
Fig.12 Cross-sectional views of AZ31B specimens forged with conical punches (s: punch stroke, punch diameter Dp=8.4 mm) 
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Fig.13 Tool arrangement for cup forging against counter force 
on hydraulic servo-controlled testing machine 
 

 
Fig.14 Relation between counter punch pressure and forged 
AZ31B specimen shape in cup forging 
 
case of forging against a counter pressure of 100 MPa, 
cracks were not observed at punch strokes lower than 
s/Dp=1.1 (s=6.8mm), however, cracks occurred from the 
outside surface of the specimen at a punch stroke 
s/Dp=1.4 (s=8.3mm). By applying the counter punch 
pressures 100−200 MPa, the critical punch stroke for the 
forging limit of the specimen without crack was 
improved by about 25% compared with that of forging 
without counter punch pressure. When the counter punch 
pressure was increased to 300 MPa, the critical punch 
stroke for the forging limit without crack was not 
improved, however, the crack was not serious one but 
shallow one. 

The average grain size and Vickers hardness of the 
forged specimen against counter punch pressure are 
shown in Fig.15. When the high counter pressure was 
applied to the specimen, the average grain size of the 
forged specimen was reduced, and thus the ductility 
could be improved in cold cup forging against counter 
punch pressure. 

 

 
Fig.15 Average grain size and Vickers hardness of forged 
AZ31B specimen in cup forging against counter punch pressure 
(punch stroke s=6.0 mm) 
 
4.2 Finite element simulation 

To examine the deformation behavior of Mg 
specimen in cup forging, the rigid-plastic finite element 
method was employed by accommodating the 
pressure-supported tool[10]. In the simulation, the 
rigid-plastic and the heat conduction finite element 
calculations were alternately carried out. The flow 
stresses of the AZ31B specimen at several temperatures 
measured by the upsettability test in section 2.2 was 
employed and the coefficient of friction between 
specimen and tools was estimated as µ=0.2 by the ring 
compression test. 

Fig.16 shows the calculated average hydrostatic 
pressure of the specimen during cup forging. By 
applying the counter pressure, the high hydrostatic 
pressure state was kept in the specimen during cup 
forging. The calculated average temperature of the 
specimen during cup forging is shown in Fig.17. Due to 
the heat generation of the plastic deformation, the 
specimen temperature increased with the punch stroke 
 

 
Fig.16 Calculated average hydrostatic pressure of Mg specimen 
in cup forging against counter pressure 
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Fig.17 Influence of counter punch pressure on calculated 
temperature of Mg specimen during cup forging 
 
increasing. The specimen temperature in the forging with 
counter pressure was higher than that without counter 
pressure, however, the temperature raise was not enough 
to improve the ductility because the ductility was 
improved around 473 K as shown in Fig.4. Thus, it is 
found that the ductility improvement of the Mg specimen 
in cold cup forging against counter punch pressure is 
mainly due to the grain refinement during forging. 
 
5 Conclusions 
 

1) The effects of the heat treatment of a commercial 
wrought AZ31B alloy before forging and hydrostatic 
pressure during forging on the cold forgeability were 
examined by upsetting and cup forging. 773 K-annealing 
of the specimen is effective to reduce the degree of the 
texture anisotropy of the specimen, and the forging limit 
of the annealed specimen is extended in cold forging. 

2) It is essential for ductility improvement of the 
specimen to prevent from causing strong basal texture 
during cold forging. In cold cup forging against counter 
force, due to grain refinement during forging, the critical 
punch stroke for forging limit of the AZ31B specimen 
without crack is improved by 25% in punch stroke by 

applying counter punch pressures of 100−200 MPa from 
the exit surface of the specimen during forging. 
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