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Abstract. This paper presents a test device to explore the influence of geometric attributes of the contact surface
on a friction coefficient along with sliding speed and contact pressure. Friction tests were conducted on a third-
generation high-strength steel QP980. The friction coefficients for different surface curvatures, contact pressures,
and sliding speeds were calculated, and the influences of these factors were analyzed. The formula for calculating
the friction coefficients between curved contact surfaces was derived. The relationship between bending-induced
surface roughness increase and friction coefficient was established. An enhanced friction coefficient model with
pressure, velocity, and curvature dependence was proposed. The enhanced friction model was applied to simulate
the stamping of an automotive part, and a better correlation was achieved.

1 Introduction

Sheet metal stamping is an efficient and widely used man-
ufacturing process in the automobile industry. Recent years
have seen increasing applications of advanced high-strength
steels and aluminum alloys in automobile bodies for weight
reduction. The friction between sheet metal and die during
the stamping process has a great impact on formability, sur-
face quality, and die wear. The Coulomb friction model has
been commonly used to describe the friction condition in
numerical simulations of sheet metal stamping, which in its
general form allows the friction coefficient to be defined in
terms of sliding speed, contact pressure, temperature at the
contact point, and other field variables. The friction coeffi-
cient is also influenced by the contact surface’s shape and to-
pography, the material’s hardness, and the lubrication condi-
tion. However, in conventional stamping operations, the dies
are made according to corporate or industry standards with
specifications on material hardness and surface roughness,
the to-be-stamped sheet metals have pre-determined surface
topography, and lubrication oil is not preferred unless other-
wise necessitated by severe poor formability. Therefore, this

study focused on the influence of a geometric attribute of the
contact surface, i.e., the surface curvature, together with two
process variables, sliding speed and contact pressure, on the
friction coefficient.

Evin et al. (2014) used a friction simulator (strip draw-
ing test) that has a flat blank holder and a roller to evalu-
ate the friction in different contact areas of bar and lubri-
cated specimens under one drawing speed and various con-
tact pressures. The friction coefficient on a curved contact
surface (the roller) was found to be lower than the one on a
flat contact surface (the blank holder) by the simple calcula-
tion method but higher by the slope method. It appears that
only one size of roller was used in their study, and the roller’s
radius was not mentioned. Lemu et al. (2013) studied the
impact of surface roughness on friction coefficient through
bending under tension tests with a fixed roller of 20 mm in
diameter. The force to overcome bending and unbending of
the specimen over the roller was not explicitly subtracted
from the pulling force when calculating the friction coeffi-
cient, although it should be. Wang et al. (2016) evaluated
the pressure dependence of the friction coefficient via pin-
on-disk wear tests, where a bare 0.9 mm-thick DP780 steel
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was used as the pin specimen and a cold-worked DC53 tool
steel was machined into the circular disk specimen to prevent
material plowing. The results showed a decrease in friction
coefficient with an increase in normal contact pressure and
a significant improvement in springback prediction using a
pressure-dependent friction model. Li et al. (2018) pointed
out that friction coefficient decreases with an increase in slid-
ing speed and contact pressure. Kim et al. (2012) conducted
draw-bend tests on AA5754 sheets applied with Parker lu-
bricant to study the contact pressure and sliding speed de-
pendencies of the friction coefficient and revealed that the
friction coefficient decreases with sliding speed but increases
with contact pressure, contrary to what Wang and Li had
pointed out, probably because of the different lubrication
conditions. The fact that surface coating and lubrication con-
dition complicate the pressure dependence of friction coef-
ficient has been noticed by Evin et al. (2014). Furthermore,
the geometric influence of the differently sized pins on the
friction coefficient was not considered by Kim et al. (2012).
A one-side-contact friction test device was used by Ma et al.
(2011) to measure the friction coefficients of 0.95 mm-thick
SUS304L lubricated by press oil. The sliding distance was
found to be an influencing factor for the friction coefficient in
addition to the sliding speed. Dilmec et al. (2016) presented
a test apparatus which can determine the friction coefficient
for both the flange and the radius contact regions with a sin-
gle experiment. The effects of die radius, surface roughness
of the tools, drawing speed, blank holder force, and lubrica-
tion on the dynamic friction coefficient were investigated by
using analysis of variance (ANOVA). The friction coefficient
in the die radius region was found to be significantly different
from the one in the flange region, e.g., 0.43 versus 0.25 for
dry condition, and much less sensitive to the geometric and
process parameters. The contact pressure in the die radius re-
gion, although directly related to the blank holder force, was
not explicitly calculated; otherwise, a clearer relationship be-
tween the friction coefficient and the contact pressure in the
curved contact region could be established. The bending and
unbending force was not but should be excluded from the
total punch force when calculating the friction coefficient.
Trzepiecinski et al. (2015) pointed out that the directional
topography of sheet metals caused by the rolling process re-
sults in diversification of the friction coefficient according to
the sliding orientation to the rolling direction.

While the influence of contact pressure and sliding speed
on friction coefficient has been intensively investigated, the
study on the influence of the contact surface’s geometric at-
tribute in terms of curvature is limited. Evin et al. (2014),
Kim et al. (2012), and Dilmec et al. (2016) reported differ-
ent friction coefficients between flat surfaces and between
curved surfaces but did not analyze the root cause in depth.
The main purpose of this study was to investigate how the
geometric attribute of the contact surface impacts the friction
coefficient. To experimentally determine the friction coeffi-
cients, a universal test-machine-based mechanically driven

device that can explore the influence of the geometric at-
tribute of the contact surface on the friction coefficient along
with sliding speed and contact pressure was designed and
manufactured. Friction tests were conducted on a third-
generation advanced high-strength steel QP980 because of
its superior strength and formability and its increasing atten-
tion in the automotive industry (Chen et al., 2017). The fric-
tion coefficients between a pair of flat surfaces and three pairs
of curved surfaces under three contact pressures and three
sliding speeds were calculated, and the influences of these
factors were analyzed. Additionally, finite-element model-
ing was performed to verify the theoretical formula derived
for calculating the bending/unbending forces. Finally, the im-
pact of surface curvature on friction was correlated with the
change in surface roughness caused by bending based on mi-
croscopic observation and quantification.

2 Experiment

2.1 Design of the friction device

The drawing of a new friction test device is shown in Fig. 1
(front view in Fig. 2). The six bolts fix the base plate on the
worktable of a universal test machine. The two vertical plates
are inserted into the slots of the base plate. The guides have
external threads at one end, matching the internal threads of
the holes in vertical plate 3. The other end of the guides pro-
truding from vertical plate 4 are bolted with nuts. The guides
not only play a guiding role, but also help prevent the vertical
plates from being deformed under screw drive loading. Three
sliding plates and four springs are mounted on the guides.
The springs are placed between sliding plates 6 and 7. A male
die and a female die are installed on sliding plates 5 and 6,
respectively. A long rectangle specimen is clamped between
the male and female dies. The top end of the specimen is
pulled by the head of the universal test machine. The mid-
dle round hole in sliding plate 7 is engraved with an internal
thread, which matches the thread on the screw rod to form
a screw drive. The screw rod is rotated by the handle, push-
ing sliding plate 7 to compress the springs, which transmit
the force to sliding plate 6. The female die on sliding plate
6 transmits the force to the male die on sliding plate 5. The
function of the spacer is to adjust the distance between the
dies to adapt for specimens of different thicknesses so that
they coincide with the center line of the universal test ma-
chine to avoid eccentric loading. The spacer is support by the
pallet, which is embedded in vertical plate 4.

Four sets of male and female dies with different contact
surface shapes were designed and manufactured, as shown in
Fig. 3. One set of dies has a flat surface, and the other three
sets have curved surfaces with a radius of 15, 20, and 30 mm
on the male dies, respectively. The corresponding female dies
have a radius of 16, 21, and 31 mm, respectively, to accom-
modate the 1 mm-thick specimen. The overall dimensions of
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Figure 1. Drawing of the friction test device.

Figure 2. Front view of the friction test device.

each set of dies are 100 mm long, 62.5 mm wide, and 15 mm
high.

2.2 Materials

As-received bare 1.0 mm-thick QP980 advanced high-
strength steel produced by Baoshan Iron & Steel Co. Ltd.
was used in this experiment. The chemical composition is
given in Table 1, and the mechanical properties are given in
Table 2. The steel sheet was cut to 180 mm-long and 30 mm-
wide rectangular specimens with the length aligned with the
sheet’s rolling direction. After the specimens were prepared,
the corner burrs were removed and the surface was treated
with acetone to maintain surface finish. The treated spec-
imens were properly stored to ensure that the surface was
clean and free from contamination.

The dies to clamp the specimens are made of Cr12MoV,
a tool steel that has the advantages of high hardness, small
heat treatment deformation, good wear resistance, and good
hardenability. The dies were quenched at 1100 ◦C for 30 min
and tempered twice at 200 ◦C to a surface hardness of 60

HRC. The surface roughness Ra of these dies is approxi-
mately 0.6 µm, which meets the standard used in the auto-
motive stamping industry (Zhao et al., 2017).

No lubricant or stamping oil was applied to the specimens
and dies; therefore, the effect of lubrication was not evaluated
in this experiment.

2.3 Test procedures and results

The friction tests were carried out on a SANS electronic uni-
versal test machine (shown in Fig. 4), which has a rated max-
imum load of 100 kN and a real-time data acquisition system
to collect the force, speed, and displacement data. Pulling
speeds of 2, 5, and 10 mms−1 were applied in the tests.

The clamping force on the specimen is determined through
the spring stiffness and the screw pod advancement distance.
Although the stiffness of each single spring is known, the
stiffness of the screw drive assembly consisting of springs,
sliding plates, guides, and screw rod needs to be calibrated
following this procedure: remove the dies and place a force
transducer between the sliding plates (5 and 6 in Fig. 1); turn
the screw rod to compress the springs, generating force on
plate 6; record the force and the advancement distance to cal-
culate the overall stiffness of the assembly. According to the
thread characteristic of the screw rod, the corresponding ad-
vancement distance for each turn of the rod, i.e., the amount
of spring compression, can be obtained. Thus, the force be-
tween the two sliding plates generated by each turn of the
screw rod was determined. During the test, the number of
turns of the screw rod was counted to calculate the clamping
force on the specimen. Clamping forces of 5.55, 6.92, and
8.23 kN were applied in the tests.

There are 36 combinations among the four geometric at-
tributes (flat, R30, R20, and R15), three clamping forces
(5.55, 6.92, and 8.23 kN), and three pulling speeds (2, 5, and
10 mms−1). Each case was tested three times to ensure re-
peatability. The recorded pulling forces versus displacement
curves for all cases are plotted in Figs. 5–8.

It can be seen that in all cases the pulling force increases
initially until the specimen starts to slide and then decreases
and remains stable as the specimen continues sliding over
the dies. It is not a surprise that the pulling force increases
with clamping force, since friction force is positively related
to normal force. For a given die radius and clamping force,
a higher pulling speed lowers the pulling force because of
the negative relationship between sliding speed and friction
coefficient, as pointed out by the literature. The geometric at-
tribute of the contact surface apparently has a positive impact
on the pulling force, i.e., the larger the curvature of the con-
tact surface the greater the pulling force, partially caused by
the difference in bending/unbending force and partially by
the difference in friction coefficient, which will be examined
in detail later.
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Figure 3. Geometric attributes of the clamping dies.

Table 1. QP980 main chemical compositions (mass %).

C Si Mn P S Ti N Fe

≤ 0.17 ≤ 1.7 ≤ 2.1 ≤ 0.008 ≤ 0.002 ≤ 0.006 ≤ 0.003 Balance

Figure 4. Friction device set up on a SANS universal test machine.

Figure 5. Pulling force versus displacement curves for the flat die.

Figure 6. Pulling force versus displacement curves for the R30 die.

Figure 7. Pulling force versus displacement curves for the R20 die.
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Table 2. QP980 basic mechanical properties.

Material Yield strength Tensile strength Uniform elongation Work Anisotropic
(MPa) (MPa) (%) hardening coefficient

index (n) (r)

QP980 689 1054 17.3 0.179 0.758

Figure 8. Pulling force versus displacement curves for the R15 die.

Figure 9. Pulling forces versus clamping forces for all cases.

3 Friction coefficient

The Coulomb friction coefficient is calculated by the nor-
mal pressure and sliding friction force on the contact surface,
which are determined by the clamping force N and pulling
force P in this experiment. The pulling force versus clamp-
ing force for all cases are plotted in Fig. 9.

The friction coefficient formula for a flat contact surface
is straightforward, i.e., µ= P/N/2, but for a curved contact
surface, the pulling force P has two parts: the force to over-
come the bending and reverse bending of the specimen when
entering and exiting the clamping dies and the friction force

between the specimen and the clamping dies. The formula
for calculating the friction coefficient between curved con-
tact surfaces is µ= λ(Ptotal−Pb+ub)/N/2, where λ is a cor-
rection factor related to the curvature and Pb+ub is the bend-
ing/unbending force that needs to be determined theoretically
or via numerical simulation.

According to the force diagram in Fig. 10, the bend-
ing/unbending force is given by Eq. (1):

Pb+ub =
4w

2R+ t

+0.5t∫
−0.5t

yσy dy, (1)

where σy is the stress in different layers of the specimen, R
is the radius of the die, w is the width of the specimen, and t
is the thickness of the specimen. The detailed derivations are
provided in Appendix A.

Figure 11 illustrates the stress distribution through the
thickness. The middle layer is assumed to be the natural
layer. The stress distribution can be simplified by a pure plas-
tic model as shown in the right-hand-side diagram in Fig. 11,
which yields an explicit formula for the bending/unbending
force given by Eq. (2):

Pb+ub =
wt2σb

2R+ t
, (2)

where σb is the stress in the outermost layer, which as a func-
tion of strain σb = σ (εb) can be determined from the stress-
hardening curve of QP980. The strain εb is given by Eq. (3):

εb =
t

2R+ t
. (3)

The through-thickness stress distributions in the curved spec-
imens with different radii are plotted in Fig. 12.

Finite-element simulation is a powerful tool to help in-
vestigate complex physical problems. The abovementioned
methods to calculate the bending/unbending force are based
on some assumptions and approximations. It is worthwhile
obtaining the bending/unbending force via finite-element
modeling. ABAQUS/Standard is used to model this exper-
iment. The specimen is modeled by a mesh of 1× 1 mm
S4R (four-node doubly curved, reduced integration) thick-
shell elements with 11 Simpson thickness integration points.
The interaction between the specimen and die is defined by
the surface-to-surface finite sliding contact algorithm, where
the normal behavior is defined by the hard-contact pressure
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Figure 10. Force diagram at the die entrance point and exit point.

Figure 11. Illustration of through-thickness stress distribution (a) and their approximation (b).

Figure 12. Through-thickness stress distributions in curved speci-
mens.

overclosure and penalty constraint enforcement method, and
the tangential behavior is defined as frictionless. Stationary
boundary conditions are assigned to the dies. Since there
is no friction force in this numerical model, the simulated
pulling force is equal to the bending/unbending force.

The simulated pulling forces versus displacements for the
curved specimens are plotted in Fig. 13, where two stable
segments and a bump between them are observed. This phe-
nomenon is due to the numerical model setup not exactly
mimicking the experimental setup. In the experiment, the
specimen is bent by the dies and then pulled sliding over the
die, while in the finite-element model, a pre-bent specimen
is directly modeled for simplification. Therefore, in the first
segment of deformation in simulation, the specimen initially
does not have stress and just undergoes unbending as it slides
through the dies, which does not exactly reflect what happens
in the experiment where the specimen is bent first and then
unbent. In the second segment of deformation, the specimen
undergoes bending and unbending, which occurs in both the
experiment and the simulation. The strain and stress contour
plots in Figs. 14 and 15 reveal the difference between the two

Mech. Sci., 12, 945–958, 2021 https://doi.org/10.5194/ms-12-945-2021



D. Zhao et al.: Influence of geometric attributes on friction coefficient in sheet metal stamping 951

Figure 13. Simulated bending/unbending forces.

Table 3. Bending/unbending forces (N) by different methods.

Method R15 R20 R30

Calculation by approximation 939 680 438
Calculation by integration 873 632 403
Simulation first segment 821 572 340
Simulation second segment 799 516 261

segments of deformation. The simulated pulling force in the
second segment is considered the bending/unbending force
since this segment more closely represents the experiment.

The theoretically calculated and numerically simulated
bending/unbending forces are presented in Table 3. The over-
estimation by theoretical calculations is probably due to the
assumptions and approximations behind them. It is reason-
able that a higher force is required to cause bending and un-
bending of a specimen over a smaller radius.

The clamping force N is the normal contact force for the
flat die but not for the curved dies. Figure 16 shows the force
diagram of a curved specimen. The formula for calculating
the friction coefficient between curved contact surfaces is
given by Eq. (4):

µ=
(Ptoal−Pb+ub)arcsin

(
H
R

)
2N

(
H
R

) , (4)

where H is the height of the die (15 mm) and R is the die
radius (15, 20, and 30 mm). The detailed derivations are pro-
vided in Appendix B. For a flat contact surface, the R is in-
finite and there is no bending/unbending force, so the Pb+ub
and H/R terms in Eq. (4) drop out. The degeneration leads
to the formula µ= P/N/2.

The friction coefficients for all combinations among the
geometric attributes, pulling speeds, and clamping forces are
presented in Table 4.

Table 4. Friction coefficients.

Speed Force Flat R30 R20 R15

2 mms−1 5.51 kN 0.1641 0.1780 0.1911 0.2319
6.92 kN 0.1614 0.1734 0.1859 0.2068
8.23 kN 0.1631 0.1734 0.1860 0.1980

5 mms−1 5.51 kN 0.1540 0.1675 0.1781 0.2056
6.92 kN 0.1557 0.1678 0.1863 0.1939
8.23 kN 0.1526 0.1671 0.1758 0.1856

10 mms−1 5.51 kN 0.1484 0.1639 0.1775 0.2110
6.92 kN 0.1548 0.1678 0.1763 0.1869
8.23 kN 0.1484 0.1584 0.1782 0.1918

4 Influence of curvature on friction coefficient

It can be seen from Table 4 that the friction coefficient in
general is negatively related to sliding speed and positively
to the curvature of the contact surface, consistent with what
was found in Lemu et al. (2013), Kim et al. (2012), Ma et
al. (2011), and Dilmec et al. (2016). However, its sensitivity
to contact pressure is not as significant as reported by other
researchers (Wang et al., 2016; Li et al., 2018; Kim et al.,
2012; Trzepiecinski et al., 2015), probably because the dif-
ference in the clamping forces applied in this experiment is
not large enough to cause a noticeable influence and the lu-
brication conditions in these studies are different as well.

The influence of geometric attribute on friction coefficient
can be explained by examining the property of the contact
surface. Figure 17 shows the images of the as-received sheet
and the specimens stamped by flat and curved dies at 8.23 kN
clamping force. A small area of each specimen was observed
by a laser confocal microscope LEXT OLS4000, and the
surface morphology images were shown in Fig. 18. It can
be seen from the microscopic images that the surface of the
curved specimens is rougher than the surface of the flat spec-
imen and that the degree of roughness is positively related to
the curvature. The limitation of this confocal microspore is
that it cannot measure the concave surface, i.e., the inner sur-
face of the curved specimens, due to the interference between
the lens and the specimen. It is also not convenient to mea-
sure a large curved area using this microscope. Therefore, a
3D surface profiling instrument Talysurf CLI 2000 was used
to measure the surface roughness of both the outer and inner
surfaces of each specimen. The probe traveled along three
paths in both the length and width directions as shown in
Fig. 19. The measured roughnesses along the six paths of
each surface were averaged as the surface roughness and are
plotted in Fig. 20.
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Figure 14. First principal strain (a) and stress (b) during the first segment of deformation.

Figure 15. First principal strain (a) and stress (b) during the second segment of deformation.

Figure 16. Force diagram of a curved specimen.

Comparison between the as-received sheet and the
stamped flat specimen reveals that pressure changes the sur-
face roughness very little. To further investigate the impact of
contact pressure on surface roughness, a group of flat speci-
mens were clamped at 5, 25, 50, and 100 MPa, respectively.
The measured surface roughness is within 0.8–0.82 µm. It

Figure 17. Image of the as-received sheet and the specimens
stamped by flat and curved dies (R30, R20, R15).

has been reported in Wang et al. (2016), Li et al. (2018),
Stembalskin et al. (2013), and Tamai et al. (2016) that con-
tact pressure does influence the friction coefficient, but since
the pressure-induced deformation of surface topology is elas-
tic, the measurement of unloaded specimens does not show
significant changes in surface roughness. On the other hand,
bending does cause a permanent change in surface rough-
ness, and the amount of roughness increase is positively re-
lated the curvature. A curve fitting in Fig. 20 shows that the
bending-induced surface roughness increase can be approxi-
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Figure 18. Surface morphology of the as-received sheet and the
specimens stamped by flat and curved dies (R30, R20, R15).

Figure 19. Surface roughness measurement by the 3D surface pro-
filing instrument.

mated by a second-order polynomial function:

1Ra = 5.246κ2
+ 1.923κ, (5)

where κ is the curvature of the specimen.
The influence of surface roughness on friction has been re-

ported in Leu (2011), Liang et al. (2018), Shi et al. (2019),
Sigvanta et al. (2019), Xiao et al. (2007), Ivkovic et al.
(2007), Trzepiecinski et al. (2017), Sahin et al. (2007),
Trzepiecinski et al. (2019), and Folle et al. (2019). To quan-
tify the relationship between surface roughness and friction
coefficient, a curve fitting was performed for the data points
in Fig. 21, which yield a linear function:

µ= µo+ 0.2841Ra, (6)

where µo is the friction coefficient of the flat specimen.

Figure 20. Surface roughness of the specimens stamped by flat and
curved dies (R30, R20, R15).

Figure 21. Relationship between surface roughness and friction co-
efficient.

Combining Eqs. (5) and (6) and neglecting the linear term
of κ yield

µ= µo+ 1.49κ2
+ 0.546κ. (7)

This leads to the conclusion that the specimen’s surface
roughness changes as it bends and slides over the curved
dies. Since surface roughness is directly related to friction,
the degree of change in surface roughness is reflected by the
change in friction coefficient.

5 Enhanced friction model

The Coulomb friction model with a constant friction coef-
ficient is widely used in stamping simulation. However, the
friction coefficient is not constant in reality but depends on
multiple factors such as contact pressure, sliding speed, and
geometric attribute. The value of friction is one of the con-
siderable uncertainties in simulation, and using an enhanced
friction model may lead to improved simulation results.

https://doi.org/10.5194/ms-12-945-2021 Mech. Sci., 12, 945–958, 2021
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The theory manual of stamping simulation software Aut-
oForm (AutoForm R7 Software Manual 2016) provides a
Coulomb friction model with contact pressure and sliding-
velocity-dependent friction coefficient:

µ= µo

(
p

po

)a−1

− b ln
(

max(v,vo)
vo

)
, (8)

where µo is the base friction coefficient at reference condi-
tions, po the reference contact pressure, p the contact pres-
sure, a the pressure exponent, vo the reference sliding veloc-
ity, v the sliding velocity, and b the velocity factor.

An enhanced friction coefficient model of QP980 with ge-
ometric attribute dependence taken into account can be con-
structed by combining Eqs. (7) and (8):

µ=
(
µo+ cκ

2
+ dκ

)( p
po

)a−1

− b ln
(

max(v,vo)
vo

)
, (9)

where κ is the curvature, and c and d are the curvature fac-
tors which have been determined to be 1.49 and 0.546 in
Eq. (8). The parameters a and b can be determined individ-
ually by using the data in Table 4. The forces of 5.51, 6.92,
and 8.23 kN on a 30-by-15 mm2 specimen correspond to con-
tact pressures of 12.2, 15.4, and 18.3 MPa. The parameters a
and b are determined to be 0.928 and 0.0097, respectively. In
summary, the constants and reference values in Eq. (9) are

µo = 0.164, po = 12.2, vo = 2, a = 0.928, b = 0.0097,
c = 1.49, d = 0.546.

6 Example of application

The enhanced friction model was used to simulate an au-
tomotive structural part–front load beam. The die setup is
shown in Fig. 22. The upper tools consist of a pad and steel,
and the lower tools consist of a binder and a post. The stamp-
ing process is defined as below.

– Step 1: a developed blank of QP980 1.0 mm thick is
initially placed between the upper tools and the lower
tools.

– Step 2: the upper pad moves down to press the blank
against the post, and a constant force of 102 kN is ap-
plied to the pad.

– Step 3: while the blank is held between the pad and the
post, the upper steel moves down until it closes with the
lower binder.

– Step 4: the upper steel and the lower binder move down
together, pulling the blank into the die cavity until they
hit home position. A constant force of 246 kN is applied
to the binder.

– Step 5: the part is removed from the dies, followed by a
free-state springback analysis.

In order to apply curvature-dependent friction coefficients
to the die, the radii of the steel and post are defined as sep-
arate tools. Thus, the steel is separated into steel-main and
steel-radius and the post into post-main and post-radius. The
reference friction coefficient of 0.164 is assigned to steel-
main, pad, post-main, and binder. The curvature of steel-
radius and post-radius is 1/6, which leads to a friction co-
efficient of 0.296 by using Eq. (7). Each tool’s name and its
applied initial friction coefficient are labeled in Fig. 22. The
friction model in the AutoForm software takes into account
the pressure and velocity dependence during the simulation.

A major concern of high-strength steel parts is springback;
therefore, the load beam was measured for dimensional qual-
ity along seven sections as shown in Fig. 23. The measure-
ment shows a maximum springback magnitude of 11.6 mm
on the sidewall near the bottom radius. The simulated spring-
back values are presented in Fig. 24, where it can be seen that
the enhanced friction model predicts 11.9 mm, while the con-
ventional friction model predicts 13.1 mm, indicating that the
enhanced model improves simulation accuracy.

Another big concern of stamping high-strength steel is die
wear. Engineers often use simulation to predict the most se-
vere worn areas of the die so that the die’s lifetime can be
better estimated and a preventive maintenance schedule can
be created. Friction plays an important role in die wear, so
a more accurate friction model is desired in simulation. Fig-
ure 25 shows the simulated die wear in terms of friction work
by using the conventional model and the enhanced model.
Differences in friction–work distribution and the peak value
are observed. The curvature-induced increase in friction co-
efficient yields a higher degree of die wear.

7 Conclusions

A universal test-machine-based mechanically driven fric-
tion device was designed and manufactured. Friction tests
were conducted on a third-generation high-strength steel
QP980 with flat and curved dies at different pulling speeds
and clamping forces. The formula for calculating the fric-
tion coefficients between curved contact surfaces was de-
rived. Finite-element modeling was performed to find the
bending/unbending force when a specimen is pulled over
curved dies. The relationship between bending-induced sur-
face roughness increase and friction coefficient was estab-
lished. An enhanced friction coefficient model with contact
pressure, sliding velocity, and geometric curvature depen-
dence was proposed, and the parameters were determined.
The enhanced friction model was applied to simulate the
stamping of an automotive part, and the simulation results
were compared with measurement results. The following
conclusions can be drawn.

1. The friction coefficient between curved contact surfaces
is higher than the one between flat surfaces when other
geometric and process attributes like die surface rough-
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Figure 22. Die setup for stamping an automotive front load beam.

Figure 23. Measured springback magnitude of the load beam.
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Figure 24. Simulated springback magnitude of the load beam: (a) conventional uniform friction coefficient model; (b) enhanced variable
friction coefficient model.

Figure 25. Simulated die wear in terms of friction work: (a) conventional uniform friction coefficient model; (b) enhanced variable friction
coefficient model.

ness, lubrication condition, contact pressure, and sliding
speed are the same. The friction coefficient in general is
positively related to the curvature of the contact surface.

2. Sliding speed negatively impacts the friction coefficient
between flat and curved surfaces, although the impact
on flat surface is more consistent than on curved sur-
face. The friction coefficient is also negatively related
to contact pressure. The difference in contact pressure
in this experiment is not large enough to generate a sig-
nificant pressure sensitivity.

3. The increase of friction coefficient between curved con-
tact surfaces is because the specimen’s surface rough-
ness changes as it bends and slides over a curved die.
The degree of change in surface roughness is positively
related to the curvature, and so is the change in friction
coefficient.

4. The curvature-induced surface roughness increase can
be approximated by a second-order polynomial. A lin-
ear relationship between the surface roughness and fric-
tion coefficient can be established. Thus, the depen-
dence of friction coefficient on curvature can also be
modeled by a second-order polynomial.

5. The enhanced friction coefficient model with contact
pressure, sliding velocity and geometric curvature de-
pendence can be implemented in stamping simulation
software and the predicted springback and die wear us-
ing the enhanced model are more accurate.

Appendix A: Calculation of bending/unbending force

Referring to Figs. 10 and 11,

Mb = Fb (R+ 0.5t) dθ,
Pb = Fb sin(dθ )≈ Fb dθ,

Pb =
Mb

R+ 0.5t
Pb ≈ Pub, Mb ≈Mub, σb ≈ σub,

Pb+ub = Pb+Pub =
4Mb

2R+ t
,

Mb = w

+0.5t∫
−0.5t

yσy dy,
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Pb+ub =
4w

2R+ t

+0.5t∫
−0.5t

yσy dy.

For a simplified through-thickness stress distribution,

Mb = 0.25wt2σb,

σb = σ (εb),

εb =
t

2R+ t
,

Pb =
wt2σb

4R+ 2t
,

Pb+ub = Pb+Pub =
wt2σb

2R+ t
.

Appendix B: Friction coefficient formula for the
curved surface

Referring to Fig. 16,

N =
N

Rα
,

α =
H

R
,

α = arcsin
(
H

R

)
,

f = 2µNR cosθ dθ,

f =

α∫
0

2µNR cosθ dθ = 2µNR sinα,

f = Ptoal−Pb+ubµ=
(Ptoal−Pb+ub)arcsin

(
H
R

)
2N

(
H
R

) .
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