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Abstract: Superplastic forming (SPF) is a manufacturing process utilized in the
automotive industry to produce complex geometry aluminum or magnesium alloy
components which cannot be fabricated at room temperature. The die entry radius
and the friction coefficient at the sheet-die interface greatly influence the metal
flow during the SPF process. This paper investigates the effects of the die entry
radius and the interfacial friction coefficient on the required forming time and
thickness distribution of a superplastic formed vehicle closure panel. A commercial
finite element software, ABAQUS/Implicit, is applied to simulate forming of
AAS5083 aluminum alloy into a license plate pocket panel. The results indicate that
for a fixed friction coefficient, increasing the entry radius reduces the forming time
and enhances the formed part quality, in terms of thickness distribution. It is also
shown that the lower the friction coefficient, the higher the sensitivity of the
forming time to the die entry radius variations.
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1 INTRODUCTION

High fuel cost hasled to the use of lightweight materials
in the automotive industry. This may be achieved by
applying aluminum or magnesium alloys as a
replacement for steel in the automobile body structure
and closure panels. Such alloys have low formability at
room temperature. Superplastic forming (SPF) is a
manufacturing method to form lightweight alloys into
complex shapes at high temperatures using gas
pressure. Superplastic materials are considered a
unique class of solids which can withstand large strains
before failure when they are deformed under specific
conditions. This type of materials may experience
elongations beyond 1000% at elevated temperatures
and low strain rates [1].

SPF process is applied in the automotive and aerospace
industries, architecture, rail transport and in the medical
fields. Due to the high sensitivity of the flow stress to
the strain rate, this process is performed at low strain
rates. Therefore, SPF is carried out slower than
conventional forming techniques and this may cause
longer forming times. Near net shape forming,
fabricating multiple components in one stage, little
spring-back and tooling cost saving are some
advantages of SPF over conventional stamping
processes. However, longer forming times and
nonuniformity of the products are considered as
disadvantages of SPF process.

Splitting at die entry region is a prevailing failure mode
in SPF of sheet materials at high strain rates [2-5].
Compressive stress created during sliding of the sheet
over the die entry radius, leads to thinning. Friction at
the sheet-die interface affects local thinning [5].

Effects of die geometry and the sheet-die interface
friction on strain localization were first investigated by
Ghosh and Hamilton [6]. Thinning in a rectangular tray
was studied using finite element analysis by Khaleel,
Johnson, and Smith [7]. Thinning of AA5083 sheet in a
rectangular die was studied by Luckey, Friedman and
Weinmannusing two different finite element softwares
[8]. Thinning of superplastic formed circular and
elliptical AL-Li alloy parts was investigated in [9-10].
Geometric analysis of thinning during superplastic
forming of prismatic die shapes was presented in [11].
Effects of three material models on necking predictions
for the superplastic gas-blow forming of a structural
component were studied in [12]. Thickness distribution
of superplastic formed aircraft skin components was
investigated in [13].The post-formed properties,
thinning, of a decklid inner panel formed using quick
plastic forming (QPF) was investigated experimentally
by Verma and Carter [14].

The effect of sheet/die friction on thickness distribution
of a decklid inner panel formed using QPF was studied
n [15]. Effects of interfacial friction distribution on the
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integrity of superplastic formed parts were studied in
[16]. SPF of titanium alloy sheet was investigated in
[17] and the forming characteristics of thickness
distribution and forming time with and without die
entry radius and friction coefficient were analyzed.
Thickness distribution of superplastic formed titanium-
based domes was studied in [18].

The possibility of reducing the SPF process forming
time by designing variable strain rate paths was
addressed in [19-21].An optimal variable strain rate
forming path was developed in [22] with the aim of
reducing forming time. QPF of an AAS5083 aluminum
alloy license plate pocket at 450°C was studied in [5],
[23]. SPF of an AZ31 magnesium alloy license plate
pocket at 470°C was investigated in [24]. Effects of
forming parameters such as fluid pressure, die entry
radius and the interfacial friction coefficient on
hydroforming of St14 steel sheet were studied by
Zareh, Gorji, Bakhshi, and Nourouzi [25].

These studies mainly focused on the influences of the
sheet-die interface friction on the forming time and the
formed panel thickness distribution. None of these
studies addressed the effects of the die entry radius and
the interfacial friction coefficient simultaneously on the
required forming time and thickness distribution of the
formed license plate pocket panel. The aim of this paper
is to investigate the effects of die entry radius and
friction coefficient on SPF of a lightweight alloy
license plate pocket panel with a complex geometry.
Numerical simulation of SPF of the panel is conducted
using commercial finite element software, ABAQUS.

2 MATERIAL CONSTITUTIVE MODEL

The power-low model in Eq. (1) is widely applied in
the industrial applications:

oc=Ké"e" (1)

Where o is the effective flow stress, & is the effective
strain rate, ¢ is the effective strain, m is sensitivity of
the flow stress to the strain rate and n is the strain
hardening component. The power law constitutive
model coefficients for the AA5083 aluminum alloy at
475°C are considered as K= 187.7 MPa, m= 0.39 and
n=0.088 [8]. At high temperatures, strain component
may be neglected and Eq. (1) can be written in the
following form:

o=Ké" 2
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3 NUMERICAL SIMULATION

The cross section geometry at the die mid-section,
which is taken from [23], is presented in Fig. 1.
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Fig. 1  The cross section geometry at the die mid-section

the numbers in red show positions (mm) relative to the edge
of the left die flange

The length and width of the die are, respectively, 761
mm and 306.3 mm. Thus, the license plate pocket can
be considered as an infinitely long rectangular box [23]
enabling plain strain 2D modelling of the mid-section.
Previous studies byLuckey et al., [26] show that 2D
modelling with layered solid elements can predict sheet
thinning better than 3D modelling. Finite element
software, ABAQUS/Implicit, was used to implement
finite element simulation. Modelling of the AA5083
sheet with a thickness of 1.2 mm was carried out using
4 layers; each of which contained 554 CPE4R
quadrilateral solid elements.

z R

Fig.2 2D finite element model of the die and the sheet
showing the layered solid elements of the sheet

Fig. 2 shows 2D FE model of the die and the metal
sheet. The nodes located at the left and right edges of
the sheet were constrained in all directions to simulate
the clamping of the sheet.An isotropic Coulomb
friction model at the die-sheet interface was employed
in simulations. This model relates the critical shear
stress (z.;)across an interface at which sliding occurs,
friction coefficient (x) and the forming pressure (P):

Ty =P 3)

A target maximum effective strain rate of 0.0025s" was
maintained during all simulations by means of
ABAQUS pressure control algorithm, which is detailed
in the next section. The maximum allowable pressure
was 2 MPa.

4 NUMERICAL PRESSURE CONTROL
ALGORITHM

A pressure control algorithm internal to ABAQUS [27]
was employed to maintain a target for maximum
effective strain rate of 0.0025s" in the sheet elements.
This control algorithm was performed in ABAQUS by
means of solution dependent amplitude. For each time
increment the pressure was calculated as follows: the
maximum equivalent strain rate ( £ pa,) Was determined
for the elements, then, the ratio of the maximum
equivalent strain rate to the target strain rate was
computed (Eq. (4)).

r= émax /ét arg et “)

The following logic is used to adjust the pressure for
the next increment:

If 02<r<05 Then p"™=1.5p%
If 05<r<08 Then  p"™=1.2p™
If 08<r<1.5 Then p""=p°¢

If 15<r<3.0  Then p""=0.834p""

If the ratio is less than 0.2 or greater than 3, the
increment is restarted with a pressure which is
computed as shown below:

If r<02 Then  p"=2p°
If r>3.0 Then  p ""=0.5p"

5 RESULTS AND DISCUSSION
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Fig.3  FE-predicted thickness profiles at the mid-section
of the formed panel with R=6 mm for different friction
conditions

In Fig. 3 it could be observed that with 4=0, the peak
thinning occurs just below the die entry radius because
of the superimposed compressive stresses and bending
effects at that region. In the case of idealized
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lubrication, away from the die entry region, little
deviation is observed in the thickness value because
contact surface between the sheet and the die has no
effect on stretching the material and constant material
feed is provided. By increasing the friction coefficient,
considerable deviation is observed in the formed part
thickness value because of the resistance to material
stretching which occurs when the sheet touches the die
surface.
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Fig.4  a) FE-predicted thickness profile at the mid-section
of the formed panel with 4=0.1(blue) [23], and compared
with that obtained experimentally (black) using graphite as a
lubricant, b) FE-predicted thickness profile (red) obtained in
this study with x=0.1

o

A comparison between the predicted thickness profile
at the mid-section of the license plate pocket formed
with x=0.1 at 450°C in [23], and that obtained
experimentally by General Motors company using
graphite as a lubricant, is presented in Fig. 4-a.
Thickness profile of the formed panel, obtained in the
present study, with 4=0.1 and a forming temperature of
475 °C is also shown in Fig. 4-b.
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Fig.5 a) FE-predicted thickness profile at the mid-section
of the formed panel with x=0.5(blue) [23], and compared
with that obtained experimentally (black) using graphite as a
lubricant, b) FE-predicted thickness profile (red) obtained in
this study with 4=0.5
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Figure 5 shows the FE-predicted thickness profiles at
the mid-section of the formed panel with R=6 mm for
different friction conditions. The predicted thickness
profiles agree qualitatively well with those obtained
with the same die geometry byJarrar, Hector,
Khraisheh, and Bower [23]. It should be noted that the
sheet thickness and material are the same as those used
in Jarrar’s work, but their study used a different
superplastic material model as well as a different
forming temperature of 7=450°C. Moreover, in the
present study, the ABAQUS built-in pressure control
algorithm is employed to maintain a target effective
strain rate of 0.0025s" whereas, the pressure profile
used in Jarrar’s study was suggested from previous
experiments.

Figure 5 compares the FE predicted thickness profiles
of the mid-section of the formed panel with 4=0.5 and
those obtained experimentally by General Motors
company using Mg (OH), as a lubricant. It is observed
that the shape of the FE-predicted thickness profiles in
Figs. 4 and 5, generally follows the experimental
profiles.
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Local thinning at the die entries from experiment is
more severe than the corresponding FE predictions.
This difference is due to neck development in the
experiments. The thinning factor, which is defined as
the ratio of the minimum thickness of the formed part
(tain) to its average thickness (Z4,), is usually used to
evaluate the uniformity of the thickness distribution of
the product. The higher the thinning factor, the lower is
the deviation in the product thickness distribution.

To investigate the effects of the die entry radius and the
interfacial friction coefficient on the required forming
time and thickness uniformity of the fully formed part,
the die entry radius (R) has been varied from 4 to 8
millimeters with increments of 1 millimeter where the
friction coefficient (¢) has been varied from 0.1 to 0.5
with increments of 0.1 resulting in 25 different
combinations of die geometry and friction condition.
The die bottom radius has been kept constant during
the simulations and it has been assumed that both
theleft and the right die entries have the same radius
(R4=Rjp). Figure 6 shows the thinning factors calculated
for these combinations.
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0.65 =3¥=R=8mm
0.6 T T T ,
0.1 0.2 0.3 0.4 0.5
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Fig. 6  Effect of the friction coefficient variation on the
required forming time, for different values of the die entry
radius

From Fig. 8, the following results may be concluded:

e For a fixed friction coefficient, the larger the
entry radius, the higher is the thinning factor.
This is due to the fact that increasing the entry
radius decreases the compressive stress
developed in the sheet and reduces local
thinning, and accordingly, leads to a more
uniform thickness distribution [5].

e For a fixed entry radius, increasing the friction
coefficient causes more deviation in the
formed part thickness value due to increasing
the resistance to material stretching.

e With low friction coefficients, sensitivity of
the thinning factor to the die entry radius
variations is high; this is because with lower
friction coefficients, more material is allowed

to flow from the entry region, resulting in the
peak thinning to occur at that region [5], [23],
[24] (between 54 and 64 mm along the die
surface).

Figure 7 illustrates the predicted thickness profile of the
mid-section of the formed panel with u=0.1, for
different values of the die entry radius. It could be
observed that the die entry radius variation greatly
affects the peak thinning.
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Fig. 7 FE- predicted thickness profiles of the mid-section
of the formed panel with 4=0.1 for different values of the die
entry radius

e  With higher friction coefficients, less material
is permitted to flow from the entry region.
Therefore, thinning at that region is reduced
and the peak thinning occurs at the die bottom
radius region since it is the last region to touch
the die surface.

Effect of the die entry radius on the predicted thickness
profile of the mid-section of the panel formed with
4=0.5 is presented in Fig. 8. It could be seen that the
value of the die entry radius has minimal effect on the
final part thickness distribution. Since the die bottom
radius has been assumed to be constant, it has no effect
on the peak thinning occurring at the die bottom radius
region.
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Fig.8  FE-predicted thickness profiles of the mid-section
of the formed panel with 4=0.5 for different values of the die
entry radius
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Effect of the friction coefficient variation on the
required forming time, for different values of the die
entry radius, is depicted in Fig. 9.The following results
can be deduced from Fig. 9:

e For a fixed friction coefficient, the larger the
entry radius, the lower is the forming time.
This can be attributed to the fact that with a
larger entry radius, the sheet can make contact
with the die bottom surface earlier, and
accordingly, fill the die cavity faster.

—&—R=4mm
= R=5mm

R=6mm

Forming time, s,
E8888 88

=—>=R=7mm

// == R=8mm
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Fig. 9  Effect of the friction coefficient variation on the
required forming time, for different values of the entry radius
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Fig. 10  Pressure profiles calculated by the ABAQUS
pressure control algorithm for a target strain rate of 0.0025s™
with 4=0.1 for different values of the die entry radius

Figure 10 shows the pressure profiles computed by the
ABAQUS internal pressure control algorithm for a
target strain rate of 0.0025s™" with 4=0.1 for different
values of the die entry radius.

e From Fig. 10 it could be observed that for a
given friction coefficient, a larger entry radius
leads to a higher forming pressure, this is
because although with a larger entry radius the
sheet touches the die bottom surface earlier,
the contact between the sheet and the bottom
surface of the die and its sidewalls restricts the
metal flow, resulting in giving rise to the
forming pressure needed to maintain constant
strain rate deformation.
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e For a fixed entry radius, the higher the friction
coefficient, the longer is the forming time.
This is due to the fact that by increasing the
friction coefficient, the resistance to material
stretching increases and this leads to a longer
forming time.

Figure 11 illustrates the pressure profiles calculated by
the ABAQUS pressure control algorithm for a target
strain rate of 0.0025s" with R=6 mm, for different
values of the friction coefficient.

2
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0 T T T T )
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Fig. 11  Pressure profiles calculated by the ABAQUS
pressure control algorithm for a target strain rate of 0.0025s™
with an entry radius of 6 mm for different values of the
friction coefficient (u)

e From Fig. 11 it could be observed that the
forming pressure decreases with increasing the
friction coefficient. This is because by
increasing the friction force, the metal flows
into those regions of the sheet which are not in
contact with the die decreases, so that the
thickness in those regions decreases, and
accordingly, the forming pressure needed to
maintain the target strain rate decreases.

e  With lower friction coefficients, sensitivity of
the forming time to the die entry radius
variations is high. With higher friction
coefficients, sensitivity of the forming time to
the entry radius variations is low due to the
near sticking condition [16]. For instance, with
4=0.1, increasing the entry radius from 4 to 8
millimeters,leads to an 18 percent reduction in
the forming time, whereas with 4=0.5 only a 5
percent reductionin the forming timecan be
achieved by increasing the entry radius.

e A minimum forming time of 412 seconds can
be attained with R= 8 mm and x=0.1. Partial
views of the effective strain distribution
through the thickness of the panel formed with
this combination of process parameters are
presented in Fig. 12.
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In Fig. 12, it could be seen that the minimum thickness
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e With R=4 mm and u=0.5, the required
forming time is maximum (550s). Partial
views of the effective strain distribution
through the thickness of the panel formed with
this combination of process parameters are
presented in Fig. 13.
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Fig. 12 a) Partial views of the effective strain distribution
for a fully formed license plate pocket with a die entry radius
of 8 mm and x=0.1, b) Magnified regions of the die entry
region, ¢) Magnified regions of the die bottom radius region

In Fig 13, it is observed that the minimum thickness
occurs at the die bottom radius. Thinning (#4,/%)) and
thinning factor (fys/t4s) of the formed panel (whose
@ left part is shown), are, respectively, 0.56 and 0.68.
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(b)

(©)

Fig. 13 a) Partial view of the effective strain distribution for
a license plate pocket formed with a die entry radius of 4 mm
and x=0.5, b) Magnified regions of the die entry radius, c)
Magnified regions of the die bottom radius

finite element simulations of SPF of the panel with
different combinations of die geometry and friction
coefficient was conducted.

It was shown that with lower friction coefficients,
sensitivity of the formed part thinning factor to the die
entry radius variations is high. It was also concluded
that a larger die entry radius along with a lower friction
coefficient, leads to a shorter forming time and a more
uniform final part thickness distribution.
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