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This work studied the decrease in forming
time in gas blow forming in the fine-grained
AZ31B Mg alloy sheet with a thickness of
0.6 mm. Tensile tests and gas blow forming
were performed to explore the deformation
behavior. The stress-strain rate data showed
that the fine-grained AZ31B Mg alloy sheet
on testing at 350 °C exhibited strain rate
sensitivity exponent value of approximately
0.26 in a strain rate ranging from 4x10 and
2x107% s, indicating that the dislocation
creep would be a possible deformation
mechanism to reduce forming time in gas
blow forming. The alloy sheets were

successfully  deformed into  shallow
rectangular pans using rapid gas pressure
forming. The deformation characteristics of
gas blow forming were discussed. As a
result, a significant reduction in forming

time was achieved using traditional female



die forming, in which a rectangular pan was
formed with a height of 10 mm in less than
165 s at 350 °C. Fillet radius of the
rectangular pan should be one of the key

factors influencing forming time.

Keywords: Dislocation creep; Fillet radius;
Fine-grained AZ31B Mg alloy; Rapid gas

blow forming; Stress exponent.

1. Introduction

Recently, the desire to reduce vehicle
weight and improve fuel efficiency has
raised the need for the deformation of large
complex-shaped products made of Mg
alloys. Carpenter et al. [1] reported that
research and development in North America
on magnesium for automotive applications
and also indicated that Mg alloy is a
promising candidate for light weighting.
Conventional stamping of Mg alloys into
sheet parts is limited by their relatively low
formability. Superplastic forming (SPF) is
an effective method to overcome this
limitation. From the viewpoint of applied
mechanics, one of the most important
characteristics of superplastic materials is
their high strain-rate sensitivity of flow
stress. The strain-rate sensitivity exponent,
m (in the approximation of o =K&™), is
the key in controlling the ductility of a
superplastic material at elevated
temperatures. In other words, 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, thus
requiring careful process control to maintain

the desired constant strain rate during SPF.

Yin et al. [2] showed that a superplastic
elongation of 362.5% is obtained in AZ31
Mg alloy at the temperature of 400 °C and
strain rate of 7x10™* s™'. Abu-Farha and
Khraisheh [3] reported that approximately
107 s strain rate is the threshold for
superplasticity in AZ3lalloy. A significant
problem in the commercial application of
SPF on AZ31B alloy is the low deformation
rates (10°—107* s™"), which is undesirable in
mass production.

Superplasticity corresponds to deforma-
tion conditions in which grain boundary
sliding (GBS) is the dominant controlling
mechanism, with an m-value of 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. Non-superplastic behavior in
AZ31 alloy with an m-value of 0.2 has been
reported by Panicker et al. [4]. Watanabe et
al. [5] showed that at strain rates over
1x107% s7! at 548 K, m decreased to a small
value, indicating that deformation probably
corresponds to dislocation creep. Although
the m-value of dislocation creep is not as
high as that of GBS creep, dislocation creep
produces medium strain-rate sensitivity
exponent (m = 0.33 to 0.2) and can provide
sufficient tensile ductility. Watanabe et al. [6]
reported that a high ductility of 196% at 375
°C observed in a coarse-grained AZ31 Mg
attributed to the
mechanism of glide-controlled dislocation
creep. Del Valle et al. [7] indicated that the
enhanced ductility of the AZ31 alloy in the
lower strain-rate regime is attributed to the
GBS and

crystallographic slip. These results indicate

alloy is deformation

concurrent  operation  of



that the dislocation creep can be the
controlling mechanism for a fine-grained
AZ31B Mg alloy, and that the gas blow
forming process with a higher pressurization
rate can be used to reduce forming time.
Chung et al. [8] demonstrated constant gas
pressure forming of a fine-grained AZ61
magnesium alloy sheet. A hemispherical cap
was successfully produced using a forming
time of 250 s at 375 °C with an applied
pressure of 1.20 MPa, in which the
maximum average strain rate of 4.77x107
s”' was attained at the apex of the formed
cap. Kim et al. [9] also demonstrated the
superplastic formability of an AZ31 alloy
sheet using a two-step pressurization profile.
A 250 x 250 mm panel with complicated
embossing patterns
formed at 400 °C with a forming time of 800

S.

can be completely

In the present study, the deformation
characteristics of a
fine-grained AZ31B

uniaxial tension and gas blow forming were

commercial-grade
alloy sheet using
investigated. Shallow rectangular pans were
gas blow formed demonstrating the
possibility of rapid gas blow forming for
detailed
description on the deformation behavior of
the fine-grained AZ31B Mg alloy sheet

under conditions of uniaxial and biaxial

industrial ~ applications. A

tensile deformation was provided and
deformation characteristics during gas blow

forming were quantitatively analyzed.

2. Materials and experimental procedure
This work used the fine-grained AZ31B

Mg alloy sheet with a thickness of 0.6 mm

provided by Magnesium Elektron North

American Inc., USA. The analyzed chemical
(wt-%) Mg-3.01Al-
1.03Zn-0.22Mn and the average grain size

composition  was

was approximately 7.5 pum before forming.
The optical image of the original sheet
microstructure is presented in Fig. 1.

The sheet type tensile specimens were
machined according to the ASTM B-557M
standard procedure with a gauge length and
width of 25 and 6 mm, respectively.
Uniaxial tension tests were conducted along
the rolling direction on the three samples for
each test at temperatures from 250 to 400 °C
and at constant crosshead speeds, giving
initial strain rates in the range of 4x10™ to
1x107"s7".

Traditional female die gas blow forming
processes were carried out at a temperature
of 350 °C. Shallow pans were formed by
deforming the sheet into a rectangular die
cavity. The die had a rectangular cavity of
110 mm (length) x 50 mm (width) x 10 mm
(depth) with a die entry radius of 2 mm and
a draft angle of 3°. Several interrupted tests
were performed to deform the sheets to
various degrees of heights for each test. Gas
blow forming tests were conducted
according to the pressure-time profiles
shown in Fig. 2.

Grid circles of diameter dy (2.5mm)
etched on the sheets were employed to
measure the strain levels in each test. During
forming the etched circles were distorted
After

measurements of the major and minor

into ellipses. deformation,
diameters, d; and d», respectively, were
made to calculate the principal strains,

effective strains, and average strain rates.



3. Results and discussion
3.1. Tensile tests
3.1.1 Tensile flow behavior
The uniaxial tensile curves obtained at a

! and various

strain rate of 4x107° s
temperatures are given Fig. 3. The flow
curve exhibits the power law constitutive
relation until peak stress is reached. At this
level, a softening region leading to fracture
was observed. Additionally, a lower
hardening effect and a longer softening
region leading to fracture were noted on
testing at higher temperatures. Fig. 4 shows
the true stress—strain relationships of the
fine-grained AZ31B Mg alloy sheet on
testing at 400 °C and various strain rates.
The flow curve in a relatively high strain
rate range of 1x107 to 1x107" s™' reaches a
peak value, then decreases followed by
fracture. The flow curve at a lower strain
rate of 4x107° s

steady-state regime, wherein the flow stress

transforms into a
is almost independent of strain at higher
strains.

The elongation to failure as a function of
strain rate is given in Fig. 5. From the figure,
tensile elongation evidently depends on the
strain rate and temperature. The elongation
to failure decreases with increasing strain
rate, however, the extent of decrease
depends on temperature. The effect of the
strain rate on elongation is more pronounced
at higher temperatures of 350-400 °C. A
large elongation of more than 200% was
attained in the strain rate range of under 10>

s ! at 400 °C.

3.1.2. Hot deformation characteristics
Jonas et al. [10] indicated that the

constitutive equation to describe the high

temperature  deformation is  generally

expressed as

. n B Q

E=Ao" exp| — 1
p{RT (1)

where & is the strain rate, 4 is a constant, o
is the flow stress, n is the stress exponent
(=1/m, m 1is the strain rate sensitivity
exponent), R is the gas constant, 7 is the
absolute temperature and Q is the activation
energy for diffusion, which is dependent on
the rate controlling process. Eq. (1) can be
rewritten as

lna:llné+g(lj—llnfl (2)

n nR\T) n

According to Eq. (2), n is the slope of the
line in the plot of In& versus In o at
constant strain and temperature. The value
of Q can be calculated using the slope of the
line in the plot of In ¢ versus 1/7 at constant
strain and strain rate.

With regard to the approximation, the
peak stress is used as one of the
representative flow stresses to evaluate the
deformation  mechanisms. The stress
exponent, n, obtained in the present work
was approximately 3.7-7.3 (m = 0.27-0.14),
as shown in Fig. 6. The n-value can
influence the deformation mechanism of the
fine-grained alloys. Watanabe et al. [11]
investigated the dominant diffusion process
for superplastic flow in an AZ61 magnesium
alloy. Their results indicated that the n-value
of 2 suggests that GBS could be a dominant
deformation process. For higher strain rates,
the n-value is significantly increased to
approximately 5, and the deformation
mechanism is related to dislocation creep.

Dislocation creep behavior in Mg—Al-Zn



alloys has been explored by Somekawa and
coworkers [12]. Kulas and Green [13]
reported that the n-value of approximately 3
is always found when dislocation creep is
glide. As the

dislocation creep plays an important role in

controlled by viscous

the deformation conditions, while

simultaneously ~ preserving  significant

capacity of deformation, considerable
reduction in forming times can be achieved
in gas blow forming. The tensile test results
in the present work showed that the n-values
were approximately 4 at higher temperatures,
and approximately 7 at a lower temperature
of 250 °C, respectively. Therefore, the
fine-grained AZ31B Mg alloy sheet with
n-values of approximately 4 is possible to be
deformed at a strain rate in the order of
approximately 107 s™' and temperatures of
350-400 °C with sufficient ductility in gas
blow forming.

The value of activation energy Q
calculated using the slopes of the plots in
Figs. 6 and 7 was approximately 94 kJ/mol.
Frost and Ashby [14] demonstrated that the
activation energy was 92 kJ/mol for pipe
diffusion of magnesium. It is suggested from
the stress exponent and the activation energy
that the dominant deformation mechanism in
the fine-grained AZ31B Mg alloy sheet is
dislocation creep, which is controlled by
pipe
conditions performed in the present work.

diffusion, under the deformation

3.2. Gas blow forming
3.2.1. Deformation contour

Fig. 8 illustrates the formed shallow
rectangular pan to show the status of the

deformed grid circles. The effect of imposed

pressure on the deformation contour and
metal flow for forming at two different
pressurization profiles is depicted in Fig. 9.
CP350-165 with a

imposed pressure of 2.6 MPa results in

Forming at lower
lower surface friction between the deformed
sheet and bottom surface of the die after the
sheet touches the die. Some displacement of
metal flow could be observed for the
overlaid region, as shown in Fig. 9(a). Metal
flow moves from the bottom center and die
entry region toward the bottom corner. A
greater interfacial friction alters the metal
flow for forming at CP350-106 with a
higher imposed pressure of 3.2 MPa. Metal
flow moves from the bottom center and die
entry region toward the location near the
bottom corner on the die bottom surface, as
shown in Fig. 9(b). Fig. 9 also indicates that
forming at CP350-165 with a lower imposed
pressure exhibits greater displacement of the
overlaid region compared to that of forming
at CP350-106 with a higher

pressure. In a constant pressure forming

imposed

with a die cavity having a half-width greater
than its depth, the deformed sheet quickly
comes in contact with the bottom surface of
the die cavity (Fig. 9), however, it needs
much more time for the sheet to make

contact with the die walls.

3.2.2. Die fillet radius evolution

In order to quantify the die filling
behavior, the fillet radius of the formed pan
was measured. The fillet radius evolution
can be used to analyze the die filling
behavior. Variation in the fillet radius as a
function of forming time is given in Fig. 10.

A nonlinear relationship between fillet



radius and forming time was observed.
Variations in fillet radius with forming time
are similar for both pressurization profiles.
The reduction in fillet radius can be
characterized by three distinctive regions:
initially, the radius decreases rapidly, then a
lower reduction rate stage is reached, and
finally, a quite low decreasing rate occurs in
the later stage of forming. The final fillet
radii are 1.7 and 1.5 mm for forming at
CP350-105 and CP350-165, respectively. It
takes approximately 90 and 60 s for the fillet
radii reducing from 2.0 to 1.5 mm and from
2.5 to 1.7 mm for forming at CP350-165 and
CP350-106,

imply that the fillet radius is one of the key

respectively. These results
factors influencing forming time for closed
die gas blow forming. Although a smaller
fillet radius can be reached, the forming time
may increase tremendously. The forming
time for forming a component with a very
small fillet radius appears non-cost effective

for industrial applications.

3.2.3. Thickness evolution

Thickness evolution at the center point of
the deformed sheet with forming time is
Different
behaviors were observed for forming at
At the
thickness

decreases rapidly with forming time for both

given in Fig. 11. thinning
different pressurization profiles.
beginning of forming, the
pressurization profiles. Then, after the sheet
comes in contact with the bottom surface of
the die, the thickness still decreases with
forming time for forming at CP350-165,
whereas the thickness remains constant for
CP350-106. The

behavior can be associated with the pressure

forming at thinning

imposed during forming. After the sheet has
been overlaid on the die surface, surface
friction restricts the metal flow of the
overlaid region. A higher pressure of 3.2
MPa imposed for forming at CP350-106
provides more restriction on the metal flow,
resulting in a constant thickness at the center
point in the later stage of forming. These
results are consistent with the metal flow

shown in Fig. 9.

3.2.4. Thickness distribution
The effect of imposed pressure on the
thickness distribution of the

rectangular pan is demonstrated in Fig. 12.

formed

Different distributions in thickness along the
transverse cross-section were observed for
forming at two different pressures. The
thinnest positions locate at approximately 18
and 20 mm away from the bottom center of
the formed pan for forming at CP350-106
and CP350-165, respectively. However, a
more uniform thickness distribution was
observed for forming at CP350-165. The
degree of the interfacial friction influences
the metal flows after contacting, and the
interfacial friction is large for forming at
CP350-106. When the sheet comes in
contact with the die surface, the deformation
in that contact area is restricted. Additionally,
thinning is localized in the non-contact areas,
resulting in a greater degree of thinning. If
the interfacial friction is reduced, such as in
the case where a lower pressure of 2.6 MPa
is applied, the thinning gradient of the
formed part is reduced because continued
metal flow after contact is possible. The
thinning effect of the deformed sheet on
forming at CP350-165 continues to take



place in the overlaid region during forming,
which also leads to the shift in the thinnest
position slightly further away from the
bottom center than that for forming at
CP350-106.

3.2.5. Average strain rate distribution

The average strain rate distribution along
the transverse cross-section of the formed
rectangular pan for forming at two different
pressures is shown in Fig. 13. The average
strain rate for forming at CP350-106 is
higher than that for forming at CP350-165
because of a higher pressure imposed for
forming at CP350-106. The maximum
average strain rates are 3.8x10° and
2.5%x10° s for forming at CP350-106 and
CP350-165, respectively. Fig. 13 also shows
that the location of the maximum average
strain rate shifts downward to the position
near the bottom corner for forming at
CP350-106 because of the effect of higher
interfacial friction restricting the metal flow
of the overlaid region on the bottom surface
of the die.

4. Conclusions

Deformation  characteristics of  the
fine-grained AZ31B Mg alloy sheet were
studied using tensile tests and constant
pressure gas blow forming. Detailed uniaxial
and biaxial experiments clearly indicated the
effectiveness of constant pressure forming in
reducing forming time. Tensile test results
indicated that dislocation creep is the major
rate-controlling mechanism at a strain rate in
the order of 107 s for the fine-grained
AZ31B Mg alloy sheet,

forming time is possible by gas blow

and reducing

forming.

A shallow rectangular pan with a width to
depth ratio of 5 was also successfully
formed in less than 165 s. Constant pressure
forming of the fine-grained AZ31B Mg alloy
sheet showed its potential for future
practical applications. Variation in the fillet
radius of the formed pan with forming time
indicated that the forming time was strongly
dependent on the fillet radius. Fillet radius
of 1.5 mm was achieved for forming at a
pressure of 2.6 MPa in 165 s. A smaller fillet
radius might tremendously increase the
forming time. A compromise between the
designed fillet radius and the forming time
might be necessary to meet the requirements

of mass production.
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Fig. 1. Optical image of the microstructure
of the fine-grained AZ31B Mg alloy sheet.
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Fig. 2. Pressure-time profiles for hot rapid

gas blow forming.
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Fig. 3. Tensile flow curves of the specimens
tested at a strain rate of 4x10° s and

various temperatures.
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Fig. 4. Tensile flow curves of the specimens

tested at 400 °C and various strain rates.
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Fig. 8.

rectangular pan using traditional female die

Image of the formed shallow

gas blow forming to demonstrate the

deformed grid circles.
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Fig. 9. Deformation contour and metal flow
of the sheet during rapid gas blow forming
deformed at 350 °C and two different
pressures. (a) 2.6 MPa and (b) 3.2 MPa.
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