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Abstract: Based on the bulging principle of different ellipticity dies, the methyl vinyl silicone rubber with excellent thermal stability 

and heat transfer performance was chosen as the viscous medium. The finite element analysis and experiments of viscous warm 

pressure bulging (VWPB) of AZ31B magnesium alloy were conducted to analyze the influence of different ellipticity dies on the 

formability of AZ31B magnesium alloy. At the same time, based on the grid strain rule, the forming limit diagram (FLD) of VWPB 

of AZ31B magnesium alloy was obtained through measuring the strain of bulging specimens. The results showed that at the 

temperature range of viscous medium thermal stability, the viscous medium can fit the geometry variation of sheet and generate 

non-uniform pressure field, and as the die ellipticity increases, the difference value of non-uniform pressure reduces. Meanwhile, 

according to the FLD, the relationship between part complexity and ultimate deformation was investigated. 
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1 Introduction 
 

With the improvement of energy saving 

requirements and lightweight technology, the magnesium 

alloys are widely applied in aviation and other 

transportation fields owing to a desirable combination of 

characteristics such as high specific strength, low density 

and easy recovery [1−3]. Unfortunately, the plasticity of 

magnesium alloys is generally lower compared with steel 

and aluminum alloy at room temperature due to the 

hexagonal crystal packed crystal structure, so the 

applications of magnesium alloys are limited in industrial 

field. The formability of magnesium alloy can still be 

improved significantly in certain high temperature [4−8]. 

Therefore, the warm forming process has become an 

important way to realize the forming of magnesium alloy 

sheet metal with complex shape. ZHENG et al [9] 

performed the warm hydroforming process of 

magnesium alloy, the liquid pressure and loading speed 

were optimized at warm condition. The forming of 

magnesium alloy parts with complex shape which could 

not be realized at room temperature was realized through 

warm hydroforming process. The warm deep drawing 

experiment of AZ31 magnesium alloy square part was 

carried out by CHANG et al [10]. Different variation 

schemes of blank holder force were tested. The best 

scheme was that with the increasing of punch stroke, the 

blank holder force increased firstly and then decreased. 

Through adopting the best blank holder force scheme, 

the deep drawing depth of AZ31 magnesium alloy square 

part can be improved greatly. MENG et al [11] tested the 

limit strain of AZ31 magnesium alloy sheet at 

25−230 °C through combining electromagnetic forming 

and warm forming. In this way, the limit strain of AZ31 

magnesium alloy sheet was enhanced with the increasing 

of temperature. In the study by AMBROGIO et al [12], 

the warm incremental forming of AZ31 magnesium alloy 

was conducted and the process parameters were 

optimized through finite element analysis and 

experiments. The formability of AZ31 magnesium alloy 

was improved significantly by warm incremental 

forming process. 

A kind of semisolid, flowable and high viscosity 

polymer with excellent thermal stability and heat transfer 

performance and certain rate sensitivity was chosen as 

pressure-carrying medium during viscous warm pressure 

bulging (VWPB) process. Compared with traditional 
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warm forming methods, viscous medium could fit the 

geometry variation of sheet and generate the required 

high pressure. The large adhesive force between sheet 

and viscous medium could change the strain−stress state 

and control the flow rule of sheet during the forming 

process. A non-uniform pressure field could be generated 

to improve the formability of specimens due to the strong 

strain rate sensitivity of viscous medium [13−17]. In this 

work, the methyl vinyl silicone rubber with excellent 

thermal stability and mechanical property was chosen as 

viscous medium during warm forming process. On this 

basis, the research on VWPB process of AZ31B 

magnesium alloy with different ellipticity dies was 

conducted. Then, the influence of part complexity on the 

deformation rule and characteristic of AZ31B 

magnesium alloy VWPB were observed. At the same 

time, the FLD of viscous warm forming of AZ31B 

magnesium alloy was obtained, which provided an 

important reference for the application of viscous warm 

forming technology of magnesium alloys [18−21]. 

 

2 Experimental 
 
2.1 Experimental principle and scheme 

The principle of viscous warm pressure bulging is 

illustrated in Fig. 1. The die, sheet, viscous medium and 

container were heated to setting temperature using the 

heater and then the temperature was maintained for    

30 min to ensure the temperature stable. Finally, the 

piston moved upward to push the viscous medium, which 

caused the deformation of magnesium alloy sheet. In the 

experiments, the long axis lengths of ellipticity dies (L) 

were all 60 mm and the short axis lengths of ellipticity 

dies (D) were 36, 42, 48, 54 and 60 mm, respectively and 

then corresponding ellipticities λ (λ=D/L) were 0.6, 0.7, 

0.8, 0.9 and 1.0, respectively. 

 

 

Fig. 1 VWPB principle 

 

2.2 Property of viscous medium 

Methyl vinyl silicone rubber is a kind of colorless 

and visco-plastic polymer which is copolymerized with 

dimethyl siloxane and little vinyl silicone. The methyl 

vinyl silicone rubber with 600000 g/mol molecular mass 

was chosen as viscous medium during experiments. The 

molecular structural formula of methyl vinyl silicone 

rubber is illustrated in Fig. 2. The flow and compression 

properties of methyl vinyl silicone rubber at different 

temperatures are illustrated in Fig. 3. Its bulk modulus 

reduced and the fluidity increased incessantly with the 

temperature. As the temperature exceeded 250 °C, the 

methyl vinyl silicone rubber decomposed into cyclic 

siloxane oligomer and other small molecule, then it was 

aged and lost elasticity. 

 

 

Fig. 2 Molecular structural formula of methyl vinyl silicone 

rubber 

 

 

Fig. 3 Flow and compression properties of methyl vinyl 

silicone rubber at different temperatures 

 

2.3 Property of AZ31B magnesium alloy 

The AZ31B magnesium alloy with a thickness of 

0.8 mm was annealed to relief the residual stress. 

Considering the thermal stability temperature range of 

viscous medium, the limit bulging experiments of 

AZ31B magnesium alloy with the speed of 0.2 mm/s 

were conducted at temperatures of 20, 100, 150, 200 and 

250 °C in turn. The results of limit bulging experiments 

are shown in Fig. 4. 

As the temperature increased, the limit bulging 

height of magnesium alloy increased, and reached the 

maximum at 200 °C, but it decreased at 250 °C. It was 

because the molecular chain of viscous medium was in 

active state and properties changed a lot at 250 °C, which 

affected the formability of magnesium alloy. 

 

3 Finite element analysis 
 

3.1 Finite element analysis model 

In order to study the deformation rule of both 

http://dict.cnki.net/dict_result.aspx?searchword=%e4%bd%93%e7%a7%af%e6%a8%a1%e9%87%8f&tjType=sentence&style=&t=bulk+modulus
http://dict.cnki.net/dict_source.aspx?searchword=incessantly
http://dict.cnki.net/dict_result.aspx?searchword=%e6%9e%81%e9%99%90%e8%83%80%e5%bd%a2%e9%ab%98%e5%ba%a6&tjType=sentence&style=&t=limit+bulging+height
http://dict.cnki.net/dict_result.aspx?searchword=%e6%9e%81%e9%99%90%e8%83%80%e5%bd%a2%e9%ab%98%e5%ba%a6&tjType=sentence&style=&t=limit+bulging+height
http://dict.cnki.net/dict_result.aspx?searchword=%e5%88%86%e5%ad%90%e9%93%be&tjType=sentence&style=&t=molecular+chain
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Fig. 4 Limit bulging height of specimens at different 

temperatures (λ=1.0) 

 

AZ31B magnesium alloy and viscous medium, the finite 

element software ANSYS/LS-DYNA was used to 

analyze the viscous warm pressure bulging process of 

AZ31B magnesium alloy with different ellipticity dies. 

The finite element analysis (FEA) model which consisted 

of die, sheet, viscous medium, container and piston is 

illustrated in Fig. 5. The sheet, die, container and piston 

were meshed as No. 163 shell element and the viscous 

medium was meshed as No. 164 solid element. The 

friction coefficient between sheet and die was 0.1, the 

friction coefficient between viscous medium and sheet 

was 0.2. The properties of viscous medium and 

magnesium alloy are shown in Fig. 3 and Fig. 6. 

 

3.2 Results of finite element analysis 

The equivalent stress distribution of specimens 

 

 
Fig. 5 FEA model (λ=0.8) 

 

 

Fig. 6 Stress−strain curves of AZ31B magnesium alloy at 

different temperatures (0.2 mm/s) 

 

with different ellipticity dies at bulging height H=14 mm 

is shown in Fig. 7. The maximum equivalent stress of 

specimen located at the central area. The maximum 

equivalent stresses with die ellipticities λ=0.6, 0.8 and 

1.0 were 142.0, 133.9 and 126.6 MPa, respectively. With 

the increasing of die ellipticity, the maximum equivalent 

stress reduced. The minimum equivalent stress of 

specimen located at the flange area. The minimum 

equivalent stresses with die ellipticities λ=0.6, 0.8 and 

1.0 were 79.6, 85.9 and 89.3 MPa, respectively. With the 

increasing of die ellipticity, the minimum equivalent 

stress increased and the difference value between the 

maximum and minimum equivalent stress reduced. This 

showed that with the decreasing of die ellipticity, the 

symmetry of specimen reduced and the complexity 

increased accordingly. The deformation of sheet was 

more difficult which was easy to fracture. 

The pressure distribution of viscous medium with 

die ellipticities λ=0.6 and 1.0 at bulging height H=14 mm 

is shown in Figs. 8 and 9, respectively. During the 

deformation process, the pressure at specimen central 

area (P1) was lower than that at the flange area (P2), 

which was helpful to decrease the stress at central area 

and to increase the stress at flange area. So the 

deformation of specimen at central area could be 

postponed and the deformation of specimen at flange 

area could be promoted (shown in Fig. 10), Thereby the  

 

 
 

Fig. 7 Equivalent stress distribution of specimens with different ellipticity dies (H=14 mm): (a) λ=0.6; (b) λ=0.8; (c) λ=1.0 

http://dict.cnki.net/dict_result.aspx?searchword=%e6%91%a9%e6%93%a6%e7%b3%bb%e6%95%b0&tjType=sentence&style=&t=friction+coefficient
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Fig. 8 Pressure distribution of viscous medium with die ellipticity λ=0.6 (H=14 mm): (a) Long axis section; (b) Short axis section 
 

 

Fig. 9 Pressure distribution of viscous medium with die ellipticity λ=1.0 (H=14 mm): (a) Long axis section; (b) Short axis section 
 

bulging formability of magnesium alloy was enhanced. 

The pressure difference value (ΔP=P2−P1) of viscous 

medium in different ellipticity dies is shown in Fig. 11. 

As the ellipticity decreased, the pressure difference value 

increased, so the large stress at central area induced by 

asymmetric of bulging specimen was better relieved. 

 

 

Fig. 10 Non-uniform pressure vector diagram 

 

 

Fig. 11 Difference value of viscous medium pressure with 

different ellipticity dies (H=14 mm) 

 

4 Analysis of experimental results 
 

According to the finite element analysis results, the 

viscous warm pressure bulging experiments with 

different ellipticities were carried out. The 3 mm 

diameter circular grid patterns were printed on the sheet 

surface by PEDB-300 laser making machine before the 

experiment. 

The wall thickness reduction rates of specimens 

along the long axis and short axis with different die 

ellipticities at bulging height H=14 mm are illustrated in 

Fig. 12. The maximum wall thickness reduction rates 

were 26.8%, 22.4% and 19.6% when λ=0.6, 0.8 and 1.0, 

respectively. With the die ellipticity increased, the wall 

thickness distribution became more uniform. The 

experimental results were basically tallies with the finite 

element analysis results. The limit bulging heights in 

different die ellipticities at 200 °C are shown in Fig. 13. 

As the die ellipticity decreased, the symmetry of 

specimen decreased and the complexity increased 

gradually. Meanwhile, the equivalent stress of specimen 

increased (shown in Fig. 7) which was easy to fracture, 

so the limit bulging height decreased. 

As shown in Fig. 14, the AZ31B magnesium alloy 

VWPB FLD was obtained through measuring grid strain 

of limit bulging specimens at different temperatures. 

When the temperature was below 100 °C, the plasticity 

of magnesium alloy was in a low state, which led to 

fracture at the die throat. Thus only the FLD at 150 °C 

and 200 °C was graphed. Compared with 150 °C, the 

maximum and minimum of major strain (ε1) and minor 

strain (ε2) at 200 °C show remarkable increasing. 

http://dict.cnki.net/dict_result.aspx?searchword=%e7%9f%a2%e9%87%8f%e5%9b%be&tjType=sentence&style=&t=vector+diagram
http://dict.cnki.net/dict_result.aspx?searchword=%e6%a4%ad%e5%9c%86%e5%ba%a6&tjType=sentence&style=&t=ellipticity
http://dict.cnki.net/dict_result.aspx?searchword=%e5%9f%ba%e6%9c%ac%e5%90%bb%e5%90%88&tjType=sentence&style=&t=basically+tallies
http://dict.cnki.net/dict_result.aspx?searchword=%e6%a4%ad%e5%9c%86%e5%ba%a6&tjType=sentence&style=&t=ellipticity
http://dict.cnki.net/dict_result.aspx?searchword=%e5%af%b9%e7%a7%b0%e6%80%a7&tjType=sentence&style=&t=symmetry
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Fig. 12 Wall thickness reduction rates of specimens with 

different ellipticity dies (H=14 mm): (a) Long axis direction;  

(b) Short axis direction 
 

 

Fig. 13 Limit bulging height of specimens with different die 

ellipticities 
 

 

Fig. 14 Forming limit diagram 

 

5 Conclusions 
 

1) The optimized viscous warm bulging temperature 

for magnesium alloy is 200 °C. As the temperature 

exceeds 250 °C, the physical properties of viscous 

medium change greatly, which have great influences on 

the formability of magnesium alloy. 

2) Viscous medium can maintain great rate sensitive 

at high temperature, and generates non-uniform pressure 

field which is helpful to enhance the deformation of 

material. 

3) The difference value of non-uniform pressure of 

warm viscous medium is related to the die ellipticity. 

Generally, as the die ellipticity increases, the difference 

value of non-uniform pressure increases, which is helpful 

to improve the formability of magnesium alloy. 

4) The VWPB FLD of AZ31B magnesium alloy 

was established by conducting limit bulging experiments 

with different ellipticity dies. The relationship between 

part complexity and ultimate deformation is investigated, 

which provides a reference for the research on the 

deformation property of magnesium alloy. 
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AZ31B 镁合金不同椭圆度凹模黏性介质温热胀形工艺 
 

高铁军，刘 青，张文卓 

 

沈阳航空航天大学 航空航天工程学部，沈阳 110136 

 

摘  要：基于不同椭圆度凹模胀形原理，选择具有良好热稳定性和导热性能的甲基乙烯基硅橡胶作为黏性介质，

进行 AZ31B 镁合金黏性介质温热胀形试验，并采用有限元分析软件 ANSYS/LS-DYNA 对成形过程进行分析。确

定 AZ31B 镁合金黏性介质温热胀形最佳温度，以及凹模椭圆度对 AZ31B 镁合金黏性介质温热胀形变形规律的影

响。同时根据网格应变原理，通过对不同椭圆度极限胀形试件的测量，绘制出 AZ31B 镁合金黏性介质温热成形

极限图(FLD)。研究结果表明，在耐热温度范围内，热态黏性介质能够适应试件几何形状的变化建立非均匀压力

场，非均匀压力差值随着椭圆度的增大而减小，根据极限胀形试验绘制出的成形极限图，能够综合反映出零件复

杂程度与极限变形程度的关系。 

关键词：AZ31B 镁合金；黏性介质温热胀形；成形性能；不同椭圆度凹模；成形极限图 
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