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中文摘要中文摘要中文摘要中文摘要    

    氣壓成形實驗中所使用為鎂合金

AZ31B-O細晶板片，板片厚度為0.6mm，

平均晶粒大小為5~6µm。藉此利用鎂合金

AZ31B-O材在高溫下較佳的塑性變形能

力以試圖減少成形所需的時間，也藉以了

解快速氣壓成形的可行性，因此先採用

300℃、370℃和420℃三種高溫溫度環境，

在高溫環境下利用氣壓超塑性進行研究，

探討多軸向應變狀態之氣壓成形特性。研

究多軸向半球成形實驗中以階梯式加壓程

序將成形時間控制為90秒及160秒內完

成。探討AZ31B-O鎂合金在多軸應變狀態

之變形過程中，試片半球成形性、厚度變

化、極限延伸率及晶粒組織變化等情形；

藉以分析得知溫度以及應變速率對成形參

數之影響。結果表明，該加壓狀況對於成

形時間的減少是可行的，並且當溫度越高

則鎂合金高溫塑性能力提升，成形所需之

最大壓力降低，本次實驗中370℃與420℃

兩者成形性相近，且低應變速率加壓方式

板片呈現較均勻的變形，同時420℃高溫環

境下較容易靜態退火晶粒成長。 

 

關鍵詞：AZ31B鎂合金、氣壓成形、加壓

程序、自由鼓脹變形 

 

Abstract 

The deformation characteristics of a 0.6 

mm-thick, fine-grained AZ31B Mg alloy 

sheet were investigated with the intention of 

reducing forming time during gas blow 

forming. The sheets were successfully 

deformed into the hemispherical domes at 

300, 370, and 420ºC under various 

pressurization profiles. Results show that the 

proposed pressurization profiles could 

achieve the goal of reducing forming time. 

A stepwise pressurization profile may be a 

suitable process at lower temperatures; 

whereas, a constant or near constant 

pressure imposed during forming is a better 

method at higher temperatures. The 

pressurization profiles used in this study 

were not restricted to provide the optimum 

constant strain rate, which is always used in 

the traditional superplastic forming. Under 

the proposed pressurization profiles, 

maximum stress in the range of 23.5–45.6 

MPa and resultant average strain rate in the 
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range of 6.63×10
-3

 to 1.56×10
-2

 s
−1

 were 

imposed on the deforming sheet at the apex 

of the dome. A more uniform distribution of 

the average strain rate along the centerline 

of the formed dome resulted in a bulged 

shape deviating from the perfect sphere 

shape as the deformation temperature 

increased. 

 

Keywords: AZ31B Mg alloy; Gas blow 

forming; Pressurization profile; Free 

bulging. 

 

1. Introduction 

  From the viewpoint of applied mechanics, 

one of the most important characteristics of 

superplastic materials is the high strain rate 

sensitivity of flow stress. The strain-rate 

sensitivity exponent, m (in the 

approximation of mKεσ &= ), is the key in 

controlling the ductility of a superplastic 

material at elevated temperatures: the higher 

the value of m, the higher is the necking 

resistance. However, fine-grained 

superplastic materials exhibit high m-values 

only in a narrow range of strain rates, 

requiring careful process control to maintain 

the desired constant strain rate during 

superplastic forming (SPF). A significant 

problem in the commercial application of 

SPF on AZ31B alloy is low deformation 

rates (10
−3

–10
−4

 s
−1

) compared with other 

metal forming processes [1-4], which is 

undesirable in mass production. 

  Recently, to extend the industrial use of 

SPF, efforts have been devoted towards 

reducing forming times. As a result, quick 

plastic forming (QPF) technology has been 

developed [5-7]. The major difference 

between SPF and QPF lies in the 

deformation controlling mechanism. 

Superplasticity corresponds to deformation 

conditions in which grain boundary sliding 

(GBS) is the dominant controlling 

mechanism, with a value of m close to 0.5. 

However, the dislocation creep is expected 

to be the major deformation mechanism at 

higher strain rates and/or at lower 

temperatures [6,8,9], which are the 

deformation conditions for QPF. The 

dislocation creep produces medium 

strain-rate sensitivity (m ~ 0.33 to 0.2), 

although not as high as that of GBS creep. 

Moreover, it can provide sufficient tensile 

ductility [8,10,11]. QPF has been mainly 

studied in the case of Al alloys [9,12-15] 

and, to a much lesser extent, in the case of 

Mg alloys [8,16,17]. 

One of the authors recently examined the 

tensile flow behavior of a fine-grained 

AZ31B Mg alloy thin sheet and found an 

m-value of approximately 0.27 at a 

temperature of 370°C, with initial strain 

rates in the range of 4×10
−3

 to 1×10
−1

 s
−1

 

[18]. This result implies that for a 

fine-grained AZ31B Mg alloy, the 

dislocation creep can be the controlling 

mechanism and QPF could be a possible gas 

blow forming process. In the present study, 

further, the deformation characteristics of a 

fine-grained AZ31B alloy were investigated 

using the stepwise pressurization profiles 

and constant pressure forming, with the 

intention of reducing forming time during 

gas blow forming. The effects of 

pressurization profiles on gas blow 

formability were studied. Results were 

quantitatively analyzed, and a detailed 
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description on the deformation behavior of 

an AZ31B alloy sheet is provided. 

 

2. Experimental details 

POSCO Company, Korea, provided the 

Mg alloy AZ31B-O thin sheet with a 

thickness of 0.6 mm used in this work. The 

analyzed chemical composition was (wt-%) 

Mg-3.01Al-0.98Zn-0.32Mn. The average 

grain size was approximately 5.4 µm before 

forming. The optical image of the original 

microstructure of the sheet is presented in 

Fig. 1. 

Gas blow forming was carried out at 

temperatures of 300, 370 and 420°C using 

 

 

Fig. 1. Optical image of the microstructure 

of the fine- grained AZ31B Mg alloy. 

 

 

Fig. 2. A hemispherical dome formed by hot 

gas blow forming to demonstrate the 

deformed grid circles. 

various pressurization profiles. Free bulging 

tests were performed by deforming the sheet 

into a right cylindrical die. The die cavity 

had an inner diameter of 40 mm with a die 

entry radius of 3.2 mm. Several interrupted 

tests were performed to deform the sheets to 

various degrees of heights for each 

pressurization profile. 

Grid circles of 2.5 mm in diameter were 

etched onto the sheets to measure the strain 

levels in each test. During forming the 

etched circles were distorted into ellipses 

and/or larger circles. The major and minor 

diameters of the deformed circles after 

deformation were measured to determine the 

principal strains, effective strains, and strain 

rates. Fig. 2 demonstrates the formed 

hemispherical dome to show the status of 

the deformed grid circles. 

 

3. Results and discussion 

3.1. Pressurization profile and formability 

Free bulging tests were performed at 

various temperatures to explore the 

deformation characteristics according to the 

pressure-time profiles shown in Fig. 3. The 

terms PT300, PT370 and PT420 used in this 

study refer to the pressurization profiles for 

forming at 300, 370 and 420°C, respectively. 

There were two types of pressurization 

profiles proposed in this work. The first type 

included the pressurization profiles of 

PT300-160, PT370-75, PT370-150, and 

PT420-142, in which stepwise pressure 

increments were used during forming. The 

second type employed constant (PT420-83) 

and near constant (PT420-71) pressures 

during forming. Based on the resultant 

forming time and pressurization rate, 

50 µm 
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Fig. 3. Pressure-time profiles developed for 

hot gas blow forming: (a) at 300ºC, (b) at 

370ºC, (c) at 420ºC. 

 

PT300-160, PT370-150, and PT420-142 

were classified as low pressurizing rate 

profiles. Meanwhile, PT370-75, PT420-71, 

and PT420-83 were classified as high 

pressurizing rate profiles. 

The fine-grained AZ31B sheets were 

successfully formed into hemispherical 

domes at 300–420ºC following the 

pressurization profiles depicted in Fig.3. 

Although the dome could be formed at a 

temperature as low as 300ºC, it took a higher 

pressure and a longer time because the 

material had a higher flow stress. The final 

dome height revealed that forming at a low 

temperature of 300ºC would decrease 

formability. A lower pressure could be used 

to achieve a similar dome height at a higher 

temperature. The forming time could be 

significantly shortened using a profile with a 

higher pressurizing rate at the same 

temperature. 

  Constant pressures during forming were 

used to compare the deformation 

characteristics with those of the stepwise 

pressurization profiles. A constant pressure 

of 1.18 MPa for forming at 370ºC has been 

performed in this work. However, 

theforming failed at a dome height of 

approximately 16 mm. At a higher 

temperature of 420ºC, the sheet was 

successfully deformed into a hemispherical 

dome at a constant pressure of 0.74 MPa 

(PT420-83). Although the forming 

temperature of the pressurization profile 

PT370-75 is lower than that of PT420-83, 

using a stepwise pressure increment could 

reduce the forming time to achieve a similar 

dome height to that of PT420-83. This result 

indicates that a stepwise pressurization 

profile is likely to be a better process in 

reducing forming time at lower 

temperatures. 

 

3.2. Deformation characteristics at the apex 

of the dome during forming 

As the deformation proceeded, the 

proposed pressurization profiles did not 
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Fig. 4. Instantaneous strain rate at the dome 

apex as a function of forming time at various 

pressurization profiles: (a) at a low 

pressurizing rate profile, (b) at a high 

pressurizing rate profile. 

 

provide constant strain rates during forming. 

The strain rate at the apex of the formed 

dome changed with forming time during 

deformation. Therefore, pressurization rate 

would influence the resultant forming time 

even at the same forming temperature with 

the same maximum pressure. The evolution 

of the instantaneous strain rate under various 

deformation conditions is given in Fig. 4. By 

measuring the thickness and diameters of the 

deformed grid circles, the instantaneous 

strain rate at the apex of the deformed sheet 

during forming can be calculated. 

Similar instantaneous strain rate 

evolutions were observed for forming at low 

pressurizing rate profiles, as shown in Fig. 

4a. The evolution of the instantaneous strain 

rate at the dome apex could be characterized 

by two distinctive regions for forming at a 

low pressurizing rate profile. Initially, the 

strain rate increased gradually for a certain 

period of forming time, and then increased 

rapidly at the end of forming. A similar 

instantaneous strain rate evolution was also 

observed for forming at the pressurization 

profile PT370-75, as shown in Fig. 4b. 

These results indicate that stepwise 

pressurization profiles would develop a 

similar evolution behavior of instantaneous 

strain rate at the apex during forming. 

 Relatively high initial strain rates 

observed for forming at PT420-83 and 

PT420-71 were due to relatively high 

pressures imposed at the beginning of 

forming, as illustrated in Fig. 4b. 

Subsequently, a rapid decrease in the strain 

rate was found, and this was followed by a 

near constant strain rate. The evolution 

behavior forming at PT420-83 (with 

constant pressure) is nearly the same as that 

forming at PT420-71 (with near constant 

pressure). However, a less significant 

increase in strain rate at PT420-83 was 

observed at the end of forming. 

  The evolution of the thickness at the 

dome apex as a function of forming time is 

illustrated in Fig. 5. The variation in 

thickness with forming time at the apex 

could be associated with the evolution of the 

instantaneous strain rate during forming. 

The behaviors of the thickness evolutions 

were very similar on testing at low 

pressurizing rate profiles, as shown in Fig. 

5a. The thickness decreased gradually with 

increasing forming time. Rapid decreases in 

thickness arose at the end of forming at  
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Fig. 5. Thickness at the dome apex as a 

function of forming time at various 

pressurization profiles: (a) at a low 

pressurizing rate profile, (b) at a high 

pressurizing rate profile. 

 

PT370-150 and PT420-142 when significant 

increases in instantaneous strain rates 

occurred. Fig. 5b reveals that the significant 

thinning at the apex observed at the 

beginning of forming is consistent with the 

relatively high instantaneous strain rate 

imposed for forming at PT420-71 and 

PT420-83. Rapid increases in the 

instantaneous strain rates at the end of 

forming also led to the significant decreases 

in thickness for forming at PT370-75 and 

PT420-71. 

  Deformation behavior is presented in 

Fig. 6 as a relationship between dome apex 

height and forming time. Two different 

evolution behaviors could be observed for 

forming at various pressurization profiles. 
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Fig. 6. Deformed dome apex height as a 

function of forming time at various 

pressurization profiles: (a) at a low 

pressurizing rate profile, (b) at a high 

pressurizing rate profile. 

 

Using a stepwise pressurization profile 

provides a nearly linear relationship of the 

dome height with forming time; whereas, 

forming with a constant or near constant 

pressurization profile exhibits a near power 

law relationship. Chung et al. [19] 

investigated the biaxial forming behavior of 

fine-grained AZ61 Mg alloy sheet using 

constant gas pressure and reported that the 

deformation process could be characterized 

by three distinctive regions. Initially, the 

height of the deforming dome increases 

rapidly, and an apparent steady state 

deformation stage is then reached. Finally, 

the deformation rate increases again as the 
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sheet is formed into a hemisphere. Fig. 6b 

indicates similar results for forming at 

PT420-71 and PT420-83, but no significant 

increase in the deformation rate was 

observed at the end of forming. 

  Considering that the forming sheet is part 

of hemispherical geometry having an 

instantaneous configuration and thickness as 

a function of time, using the equation for 

calculating the stress can justify the 

evolution behavior of the dome apex height. 

Based on the geometrical relationships 

proposed by Chung et al. [19] and 

Wittenauer et al. [20], the stress at the apex 

of the deformed sheet during gas blow 

forming can be calculated as 

)]/(tan2[sin 0
12

0

gas
rht

hpgas

−
=σ           (1) 

where σgas is the average stress (principal 

tangential stress along meridian line) acting 

at the apex of the hemispherical segment 

that has the deformed height of h; pgas is the 

applied gas pressure; r0 is the base radius of 

the dome; and t0 is the initial thickness of 

the sheet. Fig. 7 displays the calculated 

stress as a function of forming time and 

shows that the stress increases continuously 

during forming under a profile of stepwise 

pressure increments, leading to a nearly 

linear relationship of the dome height with 

forming time. The constant or near constant 

pressure forming shows a high value of 

stress at the beginning of forming, resulting 

in a high deformation rate. Thereafter, a very 

gradual increase in the stress follows, 

causing a decrease in the deformation rate at 

the apex. 
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Fig. 7. Calculated stress at the apex of the 

formed dome as a function of forming time 

at various pressurization profiles: (a) at a 

low pressurizing rate profile, (b) at a high 

pressurizing rate profile. 

 

3.4. Analyses of the bulge geometry 

The average strain rate distribution along 

the centerline of the formed dome is given in 

Fig. 8. The average strain rate was 

calculated by dividing the final effective 

strain by the total forming time. The 

deformed grid circles and the thickness 

values of the last formed dome were 

measured to determine the final effective 

strains. A strain rate gradient exists for all 

proposed pressurization profiles, and the 

maximum strain rate occurs at the apex of 

the dome. During gas blow forming, the 

sheet deforms freely into a hemispherical 

segment. While a sheet clamped at the edge  
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Fig. 8. Average strain rate distribution along 

the centerline of the dome formed at various 

pressurization profiles: (a) at a low 

pressurizing rate profile, (b) at a high 

pressurizing rate profile. 

 

is subjected to a gas pressure to develop a 

part of the hemispherical geometry, the 

orthogonal stresses are equal at the apex, 

and the stress state is that of equi-biaxial 

tensile. At the edge of the dome, the 

constraint of the clamped sheet around the 

periphery results in a plane strain. A stress 

state gradient is evident from the apex of the 

dome to the edge in this geometry. The flow 

behavior of a fine-grained alloy sheet obeys 

the von Mises criterion [22]; hence, the apex 

experiences a higher stress than the edge, 

leading to a higher strain rate. The stress 

gradient in a forming dome causes a more 

rapid thinning at the apex, resulting in a 

strain rate gradient. Fig. 8 also shows that a 

more uniform distribution of the average 

strain rate was observed for forming at a 

higher temperature of 420ºC. A more 

uniform distribution of the average strain 

rate could lead to a more uniform 

deformation, reducing the gradient effect. 

 

4. Conclusions 

The deformation behaviors of a 

fine-grained AZ31B Mg alloy sheet were 

examined by gas pressure forming tests at 

temperatures of 300, 370, and 420ºC with 

various pressurization profiles in this work. 

Using the proposed pressurization profiles 

led to a non-constant strain rate deformation, 

which allowed the average strain rate at the 

apex in the order of 10
−2

 s
−1

 to be reached 

and the forming time to be reduced. The 

maximum average strain rates of 1.43x10
−2

 

and 1.56x10
−2

 s
−1

 were achieved for forming 

at temperatures of 370 and 420°C, 

respectively. It was feasible to form a 

hemispherical dome with a height of 

approximately 19 mm in less than 85 s at a 

temperature higher than 370ºC. A higher 

pressurizing rate could significantly reduce 

the forming time for forming at the same 

temperature. Two distinctive regions in the 

variation in instantaneous strain rate with 

forming time were observed for forming 

under a stepwise pressurizing profile, while 

a relatively high strain rate was found at the 

beginning of deformation under a constant 

or near constant pressure forming. The 

thinning behavior at the dome apex could be 

associated with the variation in 

instantaneous strain rate with forming time, 

and the evolution of the dome height with 

forming time related to the stress developed 

at the apex. 
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