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Formability of stamping magnesium-alloy AZ31 sheets
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Abstract

In the present study, the formability of stamping magnesium-alloy AZ31 sheets at elevated temperatures was investigated by conducting
various experiments. The experimental results indicate that AZ31 sheets exhibit poor formability at room temperature, but the formability
is improved significantly at elevated temperatures. Also the springback is reduced when AZ31 sheets are stamped at higher temperatures.
In addition, the conical cup value (CCV) tests performed in the present study reveal that an optimum forming temperature, which is below
400◦C, exists, and a lower forming temperature should be applied in the actual forming process. The experimental results obtained in the
present study provide the fundamentals for the stamping die design of forming AZ31 sheets.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Due to its lightweight and high specific strength,
magnesium-alloy has been widely used for structural com-
ponents, notably in the automotive industry[1]. Although
the principal manufacturing process has been die cast-
ing, the press forming has considerable potential because
of its competitive productivity and performance. Among
the fabrication processes of press forming, stamping of
magnesium-alloy sheets is especially important for the pro-
duction of thin-walled structural components. Since the
magnesium-alloy usually exhibits limited ductility at the
room temperature due to its hexagonal close-packed (HCP)
structure, the mechanical properties of magnesium-alloy
can be improved at elevated temperatures[2–6]. However,
literature regarding stamping magnesium-alloy sheets is not
profound, and the stamping process of magnesium-alloy
is not well developed to date[7–12]. A variety of
magnesium-alloys have been applied to manufacture struc-
tural components. As for press forming, AZ31 is considered
as the suitable magnesium-alloy for the stamping process
at the present time.

In the present study, the formability of stamping
magnesium-alloy AZ31 sheets was investigated using
the experimental approach. The mechanical properties of
magnesium-alloy AZ31 sheets at various temperatures rang-
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ing from room temperature to 400◦C were obtained from
experimental results. In addition, the important forming
characteristics of AZ31 sheets, such as forming limit, con-
ical cup value (CCV), springback and minimum bending
radius, were also examined by experiments.

2. Mechanical properties tests at elevated
temperatures

The stress–strain relations are the basic information for the
study of formability of a sheet metal. Since magnesium-alloy
exhibits poor formability at room temperature, tensile tests
at various temperatures ranging from room temperature to
400◦C were performed in the present study. The tensile test
specimens made of AZ31 sheets of 1.2 mm thickness were
prepared according to the ASTM standards. The specimens
were cut along planes coinciding with the rolling direction
(0◦) and at angles of 45◦ and transverse (90◦) to the rolling
direction. The cut edges were polished to avoid fracture
occurring at an undesired location of the specimen.

In order to perform tensile tests at elevated temperatures, a
heating furnace was mounted on the MTS810 test machine.
The specimens were heated to 100, 200, 300 and 400◦C be-
fore the tensile tests were performed. During tests, the tem-
perature of specimen was kept constant until the specimen
was stretched to failure.

The stress–strain relations for AZ31 at room temperature
obtained from specimens in the three different orientations
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Fig. 1. Stress–strain relations at room temperature.

is shown inFig. 1. It is seen inFig. 1 that the specimen en-
dured very small elongation before fracture. The maximum
elongation is less than 20%. This indicates that AZ31 bears
poor formability at room temperature. It also seen that the
material does not show significant anisotropy at room tem-
perature since all three curves are close to one another. In
order to show the average stress–strain relations, the average
flow stressσ̄ calculated fromσ̄ = (σ0 + 2σ45 + σ90)/4 for
each measured strain was adopted to plot the stress–strain
relations.Fig. 2shows the stress–strain relations of AZ31 at
various temperatures. It is clearly seen inFig. 2that the yield
stress drops significantly as the temperature increases. Also
the elongation of specimen reaches to 58% at 400◦C. It is
confirmed fromFig. 2 that AZ31 exhibits excellent forma-
bility at elevated temperatures. It is also noted inFig. 2 that
the work-hardening effect becomes insignificant as the test
temperature increases. Since the work-hardening coefficient,
n, is usually considered as an index whether sheets are de-
formed uniformly or not, the lowern value indicates that the
uniform deformation in the thickness direction is not easy
to achieve at high temperature for AZ31 sheets.

From the tensile test results, it can be inferred that AZ31
may not be formed at room temperature, but as long as the
sheet is heated to elevated temperatures, forming becomes
possible.

Fig. 2. Stress–strain relations at elevated temperatures.

3. Stamping formability at elevated temperatures

In addition to the basic mechanical properties, the stamp-
ing formability of AZ31 sheets were also examined at ele-
vated temperatures. In the present study, the forming limit
tests, CCV tests, springback tests, and minimum bending ra-
dius tests were performed. These tests represent the stamp-
ing properties in a sheet-metal forming process.

3.1. Forming limit tests

Since Keeler and Backofen[13] introduced the con-
cept of forming limit diagram (FLD) in 1963, it has been
a widely accepted criterion for fracture prediction in the
sheet-metal forming. To determine a FLD, stretching tests
were performed for sheet-metal specimens of different
widths using a semi-spherical punch. The specimens were
first electrochemically etched with circular grids that would
be deformed into ellipses after being stretched. The engi-
neering strains measured in the major- and minor-axes of
the ellipse are termed the major and minor strains, respec-
tively. They are also the principal strains on the plane where
the strains are measured.

In the present study, rectangular specimens having the
same length of 140 mm, but with different widths rang-
ing from 20 to 140 mm in an increment of 20 mm, were
tested. Similar to the tensile tests, the AZ31 sheet was cut
at three orientations to the rolling direction, i.e. 0, 45, and
90◦, for each size of specimen. During the tests, specimens
clamped at the periphery were stretched to failure over a
78 mm semi-spherical punch. The engineering major and
minor strains measured in the location closest to the frac-
ture for each specimen were recorded. The major and mi-
nor strains were plotted against one another with the major
strain as the ordinate, and the curve fitted into the strain
points was defined as the forming limit curve. The dia-
gram showing this forming limit curve is called the form-
ing limit diagram. The FLD is a very useful criterion for
the prediction of the occurrence of fracture in a stamping
process.

For the forming limit tests conducted at elevated tempera-
tures, the heating oven used in the tensile tests was mounted
in the same test machine enclosing both die and punch, i.e.
the tooling and specimens were heated at the same time and
were kept at the same temperature.Fig. 3 shows the frac-
tured specimens tested at various temperatures. It is seen
in Fig. 3 that the specimen tested at a higher temperature
has a greater depth of drawing. The forming limit curves
for specimens tested at 100, 200, and 300◦C are shown in
Fig. 4. In FLD, the higher the forming limit curve, the better
is the formability. As seen inFig. 4, the specimen tested at
a higher temperature clearly possesses a higher curve. This
means that sheet is not easy to fracture at high temperature
and has better formability. The trend showing in the forming
limit test results agrees very well with the results obtained
in the tensile tests.
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Fig. 3. Fractured specimens in the forming limit tests at elevated temper-
atures.
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Fig. 4. The forming limit curves at elevated temperatures.

3.2. CCV tests

In a CCV test, a circular sheet blank with a specified diam-
eter is placed on the top of a die, which has a conical cavity
at center as shown in Fig. 5. A punch with a circular head, as
shown in Fig. 5, then moves down to deform the sheet blank
to fracture. The diameter of the top of the fractured conical
cup is measured, and is defined as the CCV. For a circular
blank with a specified diameter, a smaller value of CCV im-
plies a larger drawing depth, resulting in better formability.
In the present study, CCV tests were performed according
to the JIS Z2249 standard. Circular specimens with a diam-

Fig. 6. Fractured conical cups obtained from various temperatures.

Fig. 5. Punch and die used in the CCV tests (unit: mm).

eter of 50 mm were cut from 0.85 mm thick AZ31 sheets.
The dimensions of die and punch are also shown in Fig. 5.
It is to be noted in Fig. 5 that there is no blank-holder used
in the CCV test, and the test is of free drawing. Hence, the
effect of blank-holder force is excluded in the test.

The same heating apparatus used in the forming limit
tests was used for the CCV tests at elevated temperatures
of 100, 200, 300, and 400 ◦C. The fractured conical cups
obtained from various temperatures are shown in Fig. 6. It
is seen in this figure that the depth of drawing increases as
the increase of temperature. However, the maximum draw-
ing depth occurred at 300 ◦C instead of 400 ◦C as shown in
Fig. 6. This phenomenon can be easily seen from the CCV
plotted in Fig. 7. As noted in Fig. 7, the CCV decreases as the
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Fig. 7. CCV at various temperatures.

temperature increases, and reaches to a minimum value of
39 mm at 300 ◦C. As the temperature increased to 400 ◦C,
the CCV did not decrease continuously, and on the contrary,
the CCV was increased to 41.5 mm. This opposite trend pro-
vides an important information on the formability of AZ31
sheets at elevated temperatures that an optimum forming
temperature exists within the temperature range lower than
400 ◦C, and not simply the higher temperature, the better
formability.

The inferior formability of AZ31 sheets at 400 ◦C may be
attributed to the low value of work-hardening coefficient, n,
as indicated in the mechanical properties tests. Although the
yield stress is quite low for AZ31 sheet at 400 ◦C, the low
value of n induces local deformation at the punch head that
causes fracture. Therefore, the CCV test results suggest that
the AZ31 sheets can be stamped below 400 ◦C.

3.3. V-bend tests

Since magnesium-alloy has a lower value of elastic mod-
ulus than that of steel, springback could be much signifi-
cant in a bending process. In the present study, V-bend tests
were performed to examine the springback property of an
AZ31 sheet at room temperature and elevated temperatures.
The tooling used in the V-bend tests is shown in Fig. 8. It
can be seen in Fig. 8 that the lower die has a opening an-
gle of 90◦, and the tooling is enclosed in a heating furnace.
In order to study the effect of punch radius on the spring-
back, the tooling sets with punch radii from 0.3 to 7.2 mm,
in an increment of 0.6 mm, were prepared. The AZ31 sheets

Fig. 8. Tooling used in V-bend tests.
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Fig. 9. Relationship between springback and forming temperature.

with a thickness of 1.2 mm, a length of 60 mm, and a width
of 15 mm were used as specimens. The bending tests were
conducted at room temperature, 100, 200, and 300 ◦C. After
bending tests, the angles of bent specimen were measured
by a CMM.

Fig. 9 shows the relationship between springback and
forming temperature for various punch radii. It is seen in
Fig. 9 that the springback decreases as the forming temper-
ature increases regardless of the punch radius. It indicates
that the AZ31 sheet not only has better formability but also
exhibits less springback at higher forming temperatures. It
is well known that the springback is affected by both the
elastic modulus and the yield stress of the material. Since
the elastic modulus does not vary too much with the change
of temperature, and the yield stress of AZ31 sheet decreases
with the increase of temperature, the decrease of springback
at higher forming temperatures is due to the lower yield
stress of AZ31 at elevated temperatures.

The effect of punch radius on the springback is shown in
Fig. 10. It is observed in Fig. 10 that the springback decreases
for smaller punch radii regardless of temperature change.
The smaller punch radius causes larger plastic deformation
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Fig. 10. The effect of punch radius on springback.
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Fig. 11. Minimum bending radius at various temperatures.

at the bend, and hence reduces the effect of springback.
This deformation mode is the same for AZ31 sheets being
deformed at various temperatures, as seen in Fig. 10. It is
to be noted in both Figs. 9 and 10 that negative values of
springback occur for smaller punch radii. This is because
that the sheet on the straight sides of V-shape is deformed
into an arc at the beginning of bending process, and the load
applied to flatten the arc at the end of bending process results
in a complex stress distribution that causes the negative value
of springback [14].

It is also to be noted in Fig. 10 that there exists a minimum
bending radius for AZ31 sheet at each forming temperature,
and the value of minimum bending radius decreases as the
temperature increases. This relationship is shown in Fig. 11.
It is seen in Fig. 11 that the minimum bending radius for
1.2 mm thick AZ31 sheet is about 3.6 mm at forming tem-
perature of 200 ◦C.

4. Conclusions

The stress–strain relations indicate that AZ31 sheets
have higher yield stress and smaller elongation at room
temperature, but the yield stress drops significantly when
the sheet is heated to a temperature higher than 200 ◦C.
The work-hardening coefficient, n, also drops at elevated
forming temperatures. From the point view of formability,
AZ31 sheets exhibit good formability but greater possibil-
ity of local deformation at elevated forming temperatures.
The forming limit tests also show the same trend as that
shown in the stress–strain relations at various forming tem-
peratures. Similar tend can be found in the test results of
minimum bending radius of AZ31 sheets. This means that
AZ31 sheets can sustain more deformation before fracture
at elevated forming temperatures.

The CCV tests reveal that an optimum forming temper-
ature exists and the temperature is below 400 ◦C for AZ31
sheets. The V-bend tests also provide an important informa-

tion that the springback can be reduced at elevated forming
temperatures.
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