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Abstract. The present work is focused on the hot deep drawing process for cylindrical 5083 aluminum alloy
parts, by superimposing a thermal gradient between the blank center-flange region. The imprtance of
application of forming processes at elevated temperatures, in improving the formability, has increasingly
attracted attention in recent years. As a case study, the experimental and numerical tests were performed at
three speeds (60, 200 and 378mmmin�1) from room temperature (RT) up to 0.9 melting point, inspired by the
advent of extraordinary superplastic behavior of AA5083 in hot condition. In particular, the focus was on the
effects of forming speed on punch load, thickness distribution, and earing behavior. Finite element simulations
were run in order to investigate the limiting drawing ratio and temperature gradient. The tests highlight that by
increasing the temperature, the number and the position of the ears are constant, while the height of ears
decreases. Furthermore, limiting drawing ratio equal to 2.84 is reached at 550 °C.
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1 Introduction

In recent decades, interests in aluminum alloys have
progressively increased in aerospace, automotive, and
electronic industries due to their lightweight and high
specific strength properties. The application of light-
weight materials including aluminum and magnesium
alloys is limited due to their low formability at room
temperature (RT). Many researches pointed out that the
aluminum alloys, especially the 5000, 6000, and 7000
series, as well as AZ31 and AZ61 magnesium alloys are
characterized by good formability at elevated temper-
atures. These results led to the rising trend of utilizing
warm forming processes [1].

Deep drawing is one of the most widely used sheet metal
forming processes, which involves various process param-
eters [2,3]. Many researches are carried out on deep
drawing process in warm condition because of its role on
formability enhancement. Naka et al. [4] studied the deep
drawability of AA5083 at different temperatures in non-
isothermal conditions. They obtained higher drawing
ratios at elevated temperatures. Moon et al. [5] performed
experiments to control the temperature of the tool aiming
to increase the deep drawability of the 1050 aluminum, and
reported that drawability has a high sensitivity to the
temperature of the matrix and the punch. They showed
that controlling the temperature of the tool is a very
arimani.abozar@gmail.com
effective measure to improve the drawability of AA1050.
Naka et al. [6], in another study, determined the forming
limit diagrams for AA5083 using stretch forming experi-
ments, with a hot punch at different speeds and temper-
atures. Takuda et al. [7] investigated the formability of
AA5182 using non-isothermal warm deep drawing process.
They showed that at elevated temperatures, the forming
limit depends on the fracture close to the corner radius of
matrix cavity, and the drawing ratio increases by rising of
this factor. Wang et al. [8] observed that deep drawability
and stretchability for AA7075 significantly increased via
heating to 140–220 °C. However, the formability decreased
at temperatures above 260 °C. Chu et al. [9] investigated
the formability of 5086 aluminum at various temperatures
and strain rates using Marciniak test setup. They reported
that the formability rises and reduces respectively with the
increase in temperature and speed. Two different alumi-
num alloys (6016 and 6061) were deepened at RT and
250 °C by Ghosh et al. [10], and the effect of punch speed,
drawing ratio, holding time, and annealing was investigat-
ed and compared for both of the alloys. Laurent et al. [11]
evaluated the deep drawability of AA5754 employing
experimental and numerical tests. They reported that
force-displacement changed during forming, and earring
behavior and springback were heavily influenced by
temperatures above 150 °C. Cetin et al. [12] conducted a
research on characterization of forming temperature and
experimentation to solve challenges of warm drawability of
AA5754 under non-isothermal conditions. Noder et al. [13]
reported a significant drop in strength for higher forming

mailto:barimani.abozar@gmail.com
https://www.edpsciences.org
https://doi.org/10.1051/meca/2019090
https://www.mechanics-industry.org


Table 1. Chemical composition of AA5083 (wt.%).

Ti Zn Ni Cr Mg Mn Cu Fe Si

0.02 0.02 0.01 0.10 4.60 0.65 0.01 0.20 0.07

Fig. 1. Universal testing machine STM-50 equipped thermal
furnace.
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temperatures, resulted of the lower sections at two different
initial blank temperatures (187 °C and 253 °C). Noder et al.
[14], in another research, studied the developmental
7XXX-T76 aluminum alloy and reported a mild stress
anisotropy and a planar strain anisotropy, that was
obvious in the presence of eight ears in non-isothermal
circular cup draws. It may be noted that to apply the
thermal gradient at the blank center, the flange region is
often heated by heating the matrix or blank holder, and the
region in contact with the blank center is cooled down by
the cooling punch [4,10,15–18].

The majority of reviewed researches for non-isothermal
condition, were mainly aimed to temperatures below
350 °C. While some aluminum alloys, such as 5083 and
7075, exhibit a dramatic enhancement in formability at
temperatures above 0.4 melting point and under specific
condition, with the advent of superplastic behavior [19].
AA5083 is the least costly aluminum alloy that can trigger
this behavior [20]. To the authors’ knowledge, no
experiment was conducted on non-isothermal deep draw-
ing of AA5083 up to 0.9 melting point.

Themain objective of the present study is to investigate
the improvement of non-isothermal deep drawability of
5083 aluminum alloy in a range from RT up to 550 °C.
Through the finite element simulation, the limiting
drawing ratio (LDR) and temperature gradient are
analyzed. The influences of forming speed on the punch
load, thickness distribution and earring behavior are also
discussed using experimental tests.

2 Materials and methods

2.1 Experimental

The 2mm thick, aluminum alloy 5083 sheets were used
with the chemical composition described in Table 1. The
uniaxial drawing tests were performed according to ASTM-
A370 standard until fracture occurred at different strain
rates in wide temperature range. A universal testing
machine STM-50 was used for the test as shown in Figure 1.
The stress-strain curves are plotted in Figure 2. In
addition, deep drawing tests were carried out by variable
speed hydraulic press (capacity of 60 tons), with the ability
to record force-displacement changes.

For experimental tests, a punch with the flat head,
diameter of 36mm, and a corner radius of 8mm was used.
The matrix had an inner cavity of 44mm and corners with
radius of 8mm. The test setup is depicted in Figure 3. In
this process, the forming limit is evaluated by the LDR.
The deep drawing die setup including punch, blank holder,
and matrix, made of warm working steel (DIN 1.2344),
were used for experiments.

The flange region of the blank was heated by a rod
heater wrapping around the matrix with a power of 1.5 kW.
The blank center was cooled with a water cooling punch,
consisting of two input and output channels. A thermo-
couple was placed in contact with the bottom of the blank.
After reaching the set temperature, the punch touched the
blank for 10 seconds, and then the process was carried out.
In Figure 4, the die setup and the equipment used for
applying the temperature gradient are presented.

The blanks were prepared and lubricated at the region in
contact with both blank holder and matrix, and then the
initial blank holder forces were exerted. At the end of the
process, thepartwasremovedfromthefreeendof thematrix.
TheLDRis calculatedby the ratio of themaximumdiameter
of the sound formed part to the punch diameter. The
experiments were carried out at three different speeds of 60,
200, and 378mmmin –1 at different temperatures. Each test
was repeated three times, and the results obtained by the
average of the repetitions were reported. To examine the
thickness distribution, the formed parts were cut from the
blank center up to flange, along a certain path in rolling
directionaccording toFigure5.The thicknessof thedifferent
points,bystarting fromcenteruptoflange, alongthemarked
direction was measured with the increments of 1mm. A
combination of high pressure grease and molybdenum
disulphide was used as the lubricant at all temperatures.



Fig. 2. Stress–strain curves at various strain rates.

Fig. 3. Design of non-isothermal deep drawing tools.

Fig. 4. Die setup assembly equipped thermal unit.
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2.2 Finite elements modelling

Numerical simulations were carried out using ABAQUS\
Explicit Finite Element code. A fully coupled thermo-
mechanical analysis was used to evaluate the relationship
betweennodal temperaturevaluesandmaterial properties.As
depicted inFigure 6, just onequarter of the tools and theblank
were modeled owing to symmetry mode.

In the simulation, both deformation and heat con-
ductions were assumed to be symmetric. The temperature
of the tools is assumed to be constant and only the
distribution of temperature in the sheet is calculated
during simulation.

Tools were modeled with thermal and elastic mechani-
cal properties. The material flow stress of the blank was
exerted dependent on strain rate and temperature via
uniaxial tension results. The strain-hardening exponent



Fig. 5. Specimen cut in rolling direction with determined zones.

Fig. 6. Assembly of tools and blank in finite element model.
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(n-value) and the rate-sensitivity exponent (m-value) can
be determined using strain-stress curves assuming the
Backofen-type constitutive equation (1), as follows:

s ¼ Cen _em ð1Þ

Thermo-physical properties were entered according to
Table 2. It may be noted that using temperature dependent
thermo-physical properties surely affects the nodal tem-
perature of the formed parts. However, it would be
negligible as was ignored by many researchers [7,21–24].
The heat transfer coefficient at tools-blank interface, with
dependence on the clearance was applied in 1500Wm�2 °C–1

[25]. It is worth noting that the material was considered
isotropic. Surface-to-surface contact was considered based
onCoulomb frictionmodel, in order to determine the friction
conditions between the contact surfaces. The numerical
values of the BHF and the punch speed were entered
according to experimental tests. Since the blank was heated
simultaneously with the matrix and blank holder to the set
temperature, the initial temperature of the blank was
assumed similar to the temperature of the matrix and blank
holder. The punch temperature was applied the same asRT.
The reduced integrationmethod and hourglass control were
employed for the element of type C3D8T, with 8 nodes by
both temperature and displacement degrees of freedom. Size
of elements is one of the most essential parameters infinite
element analysis. To obtain the optimum size and number of
elements along the thickness, mesh sensitivity analysis was
implemented based on maximum punch load changes. To
this end, models with varied element sizes were simulated
then their results were studied. According to Figure 7, the
results in 4 elements and more along blank thickness, with
element length of 1mm and smaller were converged.
Generally, as the number of elements increases and the
elementsizebecomessmaller, onlythevolumeofcalculations
and simulation time may increase, which do not affect the
final results.

The mass scaling technique was applied to speed up the
computational time with factor equal to 1000, at real step
time (due to importance of rate-sensitivity). Figure 8 shows
that the ratio of kinetic energy to internal energy is below
10% for the entire simulation time. Hence, the inertial
effects due to mass scaling do not sensibly influence the
simulation results.

The fracture thickness was investigated for three
ruptured parts in order to accurately determine the failure
criterion at each temperature. The thickness of the fracture
point was 1.6mm from RT up to 180 °C. It was 1.2mm for
the temperature range from 250 °C to 550 °C. Therefore,
the thinning rate more than 20% fromRT up to 180 °C, and
over 40% from 250 °C up to 550 °C, were considered as
failure criteria in finite element model.

3 Results and discussion

3.1 Effect of forming temperature on initial blank
holder force

The minimum value of initial BHF, which can prevent
wrinkling of blank, was acquired at various temper-
atures. It can be noted that too low or too high values for
BHF may lead to wrinkles and fracture, respectively.
Figure 9 shows the BHF values acquired from experi-
ments with drawing ratio equal to 2, i.e. with 72mm
diameter blanks.

The BHF value does not vary up to 250 °C and is equal
to the exerted force at RT. A drop occurs at 300 °C because
of work softening resulted from dynamic and recrystalliza-
tion recovery [26]. Increasing the temperature creates much
softer material resulting lower BHF value at 350 °C.



Table 2. Physical and thermal properties.

Material Density
(kgm–3)

Young’s modulus
(GPa)

Poisson’s
ratio

Specific Heat
(Jkg–1 °C–1)

Conductivity
(Wm–1 °C–1)

Tools 7800 210 0.3 490 80
AA5083 2700 70 0.33 900 120

Fig. 7. Convergence of numerical maximum forming load in
terms of elements size and number.

Fig. 8. Changes of kinetic energy (ALLKE) and the internal
energy (ALLIE).

Fig. 9. Initial BHF at various temperatures.

Fig. 10. Coulomb friction test setup.
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The supperplasticity behavior of AA5083 [27], can intensify
the reduction of BHF at 450 °C and 550 °C. The minimum
exerted BHF value was 325N at 550 °C.

3.2 Determining the effect of contact friction

In order to find the right friction coefficients inserting in
finite element model, Coulomb friction tests were
performed at aforementioned forming temperatures, as



Table 3. Friction coefficients at speed of 60mm min–1.

RT 80 °C 150 °C 180 °C 250 °C 350 °C 450 °C 550 °C

Ex. 0.056 0.048 0.104 0.105 0.111 0.156 0.161 0.168

Fig. 11. Comparison of experimental and numerical results at speed of 200mmmin�1 with blank diameter of 75mm at 150 °C.

Fig. 12. Numerical and experimental formed parts at 150 °C
with similar tool radiuses of 8mm.

Fig. 13. Equivalent Strain (PEEQ) contour for formed part with
similar tool radiuses of 6mm at RT and speed of 378mmmin�1.
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shown in Figure 10. For each test, the vertical force (N) was
applied equal to the BHF. Then, the required horizontal
force (F) to start the blank motion, exerted by a pneumatic
cylinder, was measured. Finally, the friction coefficients
(m) were calculated using Coulomb friction law (F=mN),
reported in Table 3.

The comparison of force-displacement curves as
well as the thickness distribution at 150 °C are shown in
Figure 11. The load changes are fitted exactly, with a low
deviation for thickness distribution. In Figure 12, the
cut sample is observed in both experiment and numerical
model.
3.3 The effect of forming temperature on the
geometry of the die components

The punch corner radius and the corner radius of the
matrix cavity are keys to successful drawing of the blank
to create sound parts. Some numerical tests were carried
out at RT for different corner radiuses, with the blanks
diameter of 75mm, in order to determine the proper
radiuses, which form sound parts. Just one sound part
was formed at the same radius equal to 8mm. At RT, all
fractures occurred in the region of contacting with the
punch corner radius with the maximum strains exerted
to the same region (Fig. 13).



Fig. 14. Numerical results for different radiuses at 150 °C.

Table 4. Numerical results of critical points thinning for
different corner radiuses of punch (RP) and matrix cavity
(RD).

RP–RD (mm) Thinning rate of
critical points

5–8 15
6–8 15
7–8 14.5
8–4 14
8–5 12.5
8–6 12.5
8–7 12
8–8 11.5

Fig. 15. Punch load changes vs. displacement at different
temperatures and speeds.
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At 150 °C, some numerical tests were performed
similarly as RT, to investigate the effect of temperature
on values of corner radius (Fig. 14). The points over the
dotted line lead to forming of sound parts. It is worth
noting that only one sound part was successfully formed in
the same values at RT. Formation of more sound parts at
150 °C compared to the RT indicates the ease of material
flow at elevated temperatures, which confirms the
superiority of the non-isothermal condition to that of the
cold deep drawing.

The thinning rate of critical points is reported in
Table 4. The tests performing at the corner radiuses of
matrix cavity from 4 to 8mm, with constant value of punch
corner radius equal to 8mm, lead to forming of sound cups.
According to Table 4, the thinning rates are reduced by
increasing the corner radius of the matrix cavity. The
results show that the corner radius of the matrix cavity
plays a significant role in forming at 150 °C, and rising its
value (at constant punch corner radius), the parts are
formed more successfully. According to the numerical
results, in order to apply the same geometric conditions to
find optimum parameters, other tests were carried out by a
punch corner radius of 8mm, with a corner radius of 8mm
for matrix cavity.
3.4 The effect of forming speed on the punch load
at different temperatures

The force-displacement changes for parts with the 75mm
diameter are depicted in Figure 15. The maximum force is
exerted at the punch displacement about 20mm. The
material flows on the radiuses of the punch and matrix
cavity at the initial contact of the punch with the blank.
The work hardening enhancement raises the resistance to
deformation. Also, the cooling of the blank center
exacerbates this increase. In addition, reducing the
circumference of the blank in flange region also increases
the required load for the forming process. As a result, the
required load reaches its maximum value, and then slowly
declines by the exiting of the formed part from the free end
of the matrix cavity.

It can be seen in Figure 15 that the sensitivity to the
strain rate is low at RT. Therefore, increasing the forming
speed does not have a noticeable effect on the maximum
punch load. By temperature rising to 150 °C, the maximum
load increases slightly compared to RT, despite the
decrease in material flow stress. This can be justified due
to cooling operation. The cooling operation of the blank
center (at 150 °C) increases the resistance to deformation,
thus raises the strength of the blank center. The resistance
rise of the blank center caused by the cooling operation
dominates the reduction of blank strength at 150 °C. This
strength enhancement results in an increase in the
maximum punch load relative to the RT. The speed



Fig. 16. Numerical results of LDRs at different forming
temperatures and speeds.

Fig. 17. Numerical thickness distribution for different speeds at
RT.

Fig. 18. Numerical thickness distribution for different speeds at
150 °C.
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increase from 60 to 200mmmin�1 leads to a reduction in
the process time at 150 °C. As a result, the blank is cooled
down over a shorter period of time. Therefore, the strength
does not increase much, thus the punch maximum load is
reduced. Additionally, the higher strain rate obtained from
the higher speed brings about an increase in the strain-
hardening exponent, requiring higher forming loads.
Therefore, at this temperature (150 °C), an increase around
1kNatmaximumforming loadwascreatedat200mmmin�1

compared to 60mmmin�1. By temperature increasing to
250 °C, the blank strength significantly decreases, possibly
due to the initiation of the dynamic recovery. This
significant reduction at elevated temperatures overcomes
the strength enhancement caused by the cooling opera-
tion, and leads to a sharp reduction in forming load
(Fig. 15). At 250 °C, the increase in the deformation
resistance at high strain rates, created an increase equal to
3 kN in the maximum forming load at 200mmmin�1

compared to a 60mmmin�1. A similar trend in strain was
reported by Naka et al [6,28]. The strength reduction of
material was exacerbated in hot condition at temper-
atures above 400 °C, whereas the maximum forming load
at 450 °C with the speed equal to 60mmmin�1 declined
about 63% and 50% compared to 150 °C and 250 °C
respectively. At this temperature (450 °C) with the speed
of 200mmmin�1, an increase of about 13% was created at
the maximum forming load relative to 60mmmin –1, while
this increase in the maximum forming load, due to the
increase in the speed, was approximately 7% at 250 °C.
Fig. 19. Numerical thickness distribution for different speeds at
450 °C.
3.5 The effect of forming speed on limiting drawing
ratio at various temperatures

Figure 16 shows the numerical LDRs at various speeds and
temperatures. In all tests, the trend of changes is similar.
The various speeds up to 150 °C had a slight effect on the
LDR. The effect of the strain rate on the rate-sensitivity
exponent is increased by rising the temperature, conse-
quently lower rates create smaller strains. Therefore, the



Fig. 20. Nodal temperature (NT11) contour at 378mmmin�1.

Fig. 21. Numerical results of temperature gradient changes for different speeds at blank center.
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possibility of achieving higher drawing ratios grows, which
is in good agreement with the results of [29,30]. As
discussed, the strain rate has a significant influence on the
rate-sensitivity exponent at temperatures over 400 °C.
Therefore, lower speeds create greater increase in drawing
ratios at temperatures over 400 °C. The higher rise in
diagram slope at speed of 60mmmin–1 confirms this issue.
It should be pointed out that the escalating trend of the
LDR variations up to hot temperatures can be originated
from the superplasticity behavior, which was not previous-
ly reported for some aluminum grades [25,31–33].

In order to study the effect of forming speed on
thickness distribution, some parts were analyzed at three
forming speeds and three different temperatures using
finite element model. The thickness distributions of the
formed parts are depicted in Figures 17–19. At RT,
increasing the forming speed does not control the thickness
distribution and critical points (points with the minimum
thickness) due to low sensitivity to strain rates. At 150 °C,
the higher sensitivity of strain rate compared to RT, results
in a slight enhancement of the thinning ratio of critical
points, as shown in Figure 18. On the other hand, large
rate-sensitivity exponent at 450 °C has a tangible effect on
thickness distribution as depicted in Figure 19. The faster
the forming speed is, the more uniform the thickness
distribution becomes. As Naka et al. [6] reported, the
rate-sensitivity exponent is dramatically affected by low
strain rates at temperatures above 300 °C. Hence, the drop
in the thinning ratio of critical points at lower speeds can
be justified due to large rate-sensitivity exponent and
grain boundary sliding at 450 °C [34,35].

3.6 The effect of forming speed on temperature
gradient at different temperatures

Three parts were investigated numerically at three speeds
and two different temperatures, to investigate the effect of
temperature and speed on the temperature gradient at
blank center. As stated, the initial temperature for blank,
blank holder, and matrix was applied equally in finite
element model. The regions of the blank in contact with the
punch cool down much rapidly, when compared to other
regions. In the beginning of the process, the blank center is
continuously in contact with the cooling punch hence the
maximum temperature reduction occurs at the bottom of
the cup (zone A), as shown in Figure 20. Moreover, at the
end of the process, the temperature of the blank center at
150 °C and 450 °C are 67 °C and 147 °C, indicating 55% and
67% decline in initial temperature, respectively. This
sensible decrease justifies the strength enhancement of the
blank center, particularly the region in contact with the
punch corner radius. Consequently, the possibility of



Fig. 22. Earing behavior at the free end of the formed parts for different temperatures.

Fig. 23. Earing profiles for different temperatures at 378mm
min –1 for (a) formed parts with 75mm blank diameter at RT-
250 °C and (b) formed parts with 83mm blank diameter at 250–
550 °C
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achieving higher drawing ratios in the non-isothermal
condition is increased compared to the isothermal one, as
previously reported [33,36,37].

The decline in temperature of the blank center obtained
by cooling punch creates a temperature gradient between
the blank center and the flange region. By increasing the
forming speed and thus reducing the process time, the
contact time of the blank with the punch is reduced.
Therefore, the cooling operation is performed at a lower
rate. As a result, the temperature of the blank center at the
end of the process faces lower decrease for higher speeds,
which eventually reduces the temperature gradient
(Fig. 21). The Lower reduction in temperature of blank
for higher speeds increases the resistance to deformation
and hence reduces the drawing ratios at higher speeds, as
shown in Figure 16. Based on numerical results, at the
lowest exerted forming speed equal to 60mmmin–1, the
temperature gradient at the end of the process for
temperatures equal to 150 °C and 405 °C are respectively
90 °C and 325 °C, which show an increase about 10% and
8% compared to speed of 378mmmin –1, respectively. This
increase is lies at the root of less time-consuming contact of
the blank with the punch, and hence the less intense cooling
operation at higher speeds.

3.7 Investigating the earring behavior at different
temperatures

In Figure 22, it can be seen that the earring profile of the
cups is formed with four peaks in the directions of±45 °,
and four valleys in the direction of rolling and perpendicu-
lar to it for all temperatures. According to the theoretical
results of Hosford and Caddell [19], the formation of peaks
in thedirectionsof±45 ° indicates that thevalueof r45 should
begreater thanthetwoothervalues, i.e.r0and r90.Therefore,
a negative value is produced for planar anisotropy according
to equation (2) (DR < 0). This negative value was also
reported for aluminum 5083 [38,39].

DR ¼ R0þ R90� 2 R45

2
ð2Þ

The heights of the peaks are gradually decreased by
increasing the temperature up to warm condition, then
decreases more intensely for hot range, as depicted in
Figure 23. Since by raising the temperature the
anisotropy parameters (ri) often increase for aluminum
alloys, and nears to the value equal to 1, thus the
material shows a great tendency to be anisotropic [10,40].
Consequently, increasing r values leads to the decrease in
the peaks height for elevated temperatures. The increase
in r values and approaching the value of 1 (because
of temperature increase) creates planar strains and
results in more resistance to the thickness reduction. The
resistance to the thickness reduction is a justification to
delay in failure. Consequently, improved formability
and higher drawing ratios are expected. Despite the
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increasing r values at elevated temperatures, the r45
value is still greater than two other r values. As a result,
the position of the ears does not change by increasing the
temperature, and still has four ears in the direction
of ±45 ° at all temperatures.

4 Conclusion

The effects of temperature and forming speed on the punch
load, thickness distribution, and earing behavior, as well as
limiting drawing ratio and temperature gradient were
investigated for AA5083 non-isothermal hot deep drawn
parts. The main findings are summarized as follows:

–
 The corner radius of the matrix cavity plays a key role at
150 °C, while increasing its value (at the constant punch
corner radius) decreases the thinning rate of critical
points. As a result, the thickness distribution is improved
and the cups are formed more successfully.
–
 The cooling operation of the blank center at 150 °C
increases the resistance to the deformation, and thus
causes a strength enhancement of the blank material,
which ultimately leads to an increase in the maximum
punch load, compared to the room temperature. A sharp
drop is created in the punch load by increasing the
temperature to 250 °C. At 450 °C, the maximum punch
load at speed of 60mmmin –1 is about 63% lower than the
temperature of 150 °C, and about 50% lower than the
temperature of 250 °C.
–
 By reducing the speed at temperatures over 150 °C, the
limiting drawing ratio increases and the thickness
distribution improves. These changes occur more
intensely at temperatures above 400 °C, with the advent
of the superplasticity behavior.
–
 Despite the decrease in ears height, the number (4) and
the position of the ears (±45 °) are constant while
increasing the temperature.

The author would like to thank the support of Iran
Khodro Advanced Dies Co. for supplying part of the
experimental equipment utilized in the Coulomb friction
test setup (grant No. S-1192).
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