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die simulator and the radial strip drawing test could not be individually designed. The section of the
system that represents friction conditions at the die radius region, is shown in Figure 18. The COF
for the radius region can be calculated using the front tension force registered by the press control
system and the back-tension force using the Euler equation (Equation (15)). Then the analysis of
variance method was used to investigate the effect of the blank holder force, die radius, drawing speed,
the surface roughness of the tools, and the type of lubrication on dynamic COF between the sheet
metal flange and the radius regions of the tools.

Figure 18. Schematic view of BUT device.

Many experimental and numerical works have contributed to the knowledge about tribological
phenomena on the edge of a rounded die [70,73,74]. The BUT tests consist of making differential
measurements by carrying out two tests, one after the other, one by drawing over a fixed circular roller,
the other over a freely rotating roller [74]. A major drawback in all studies of BUT test is that friction
measurement requires repeated measurements of the front and the back forces.

In another variant of the BUT test, the bending force can be determined by conducting the test
with a free rotating roller or in conditions of minimized friction between the roller and the plate.
The difference in the values of tensile forces for fixed and rotating rollers is attributed to the bending
force of the sample around the roll. The test is carried out in two stages (Figure 19) [75]—(1) with a
blocked roller and (2) with a mobile roller.

Figure 19. Schematic diagram of the bending under tension test realized by (a) fixed and (b) rotatable pin.

Taking into account the influence of sheet thickness and the radius of the counter-samples,
the dependence relationship determining the COF based on the measurement of tensile forces in both
stages is as follows [75]:

μ =
1
γ

2R + g
2R

ln
F1a − (F1b − F2b)

F2a
(17)

where R is the radius of the counter-sample, γ is the contact angle, g is the sheet thickness, F1a is a
pulling force on a fixed counter-sample, F1b is a pulling force on a rotatable roller, F2a is a back-tension
force on a fixed counter-sample, F2b is a back-tension force on a rotatable roller, Fb = F1b – F2b is the
bending force of the specimen over the roller.
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Sniekers and Smits [76] used a torque sensor on the pin in the BUT test to avoid the second step
of the test when the pin is free to rotate. In this method, the COF is determined by measuring the
torque from:

μ =
F0D

R√
F2

1 + F2
2 −
(F0D

R

)2 (18)

where F0D represents the torque on the pin (Figure 20), F1 and F2 are the pull force and the back-tension
force, respectively.

Figure 20. Equilibrium of the torque in the BUT, prepared based on [76].

The ratio of the friction stress τ [77] and the contact pressure p given by Equation (16) giving the
COF are given by Equations (19) and (20), respectively.

τ =
2T
πwR2 (19)

μ =
4T

πR(F1 + F2)
(20)

where w is the strip width and R is the pin radius.
Sube [78] proposed a variation of the Equation (20) as:

μ =
(F1 + F2) − Fb

2wR
(21)

where Fb is the bending force obtained as a difference of the pull force from the back force (Equation (22)),
represented by F∗1 and F∗2 in Equation (22), respectively. These forces are obtained when the test is
conducted with the pin free.

Fb = F∗1 − F∗2 (22)

Direct measurement of the central force induced in the specimen is not possible in the BUT test [79].
This can be a serious problem when the specimen is made of a material that is strain-rate sensitive
because it may lead to force estimation errors and, as a result, substantial errors in COF calculations.
One of the limitations of the BUT test is the difficulty of isolating the bending effect based on theoretical
calculation from the approximated equation of Swift’s bending force. To overcome this limitation,
Hassan et al. [79] developed a BUT punch friction test in which an improved analytical friction model
that accounts for the bending was proposed. This proposed method enables direct measurement of
tensile forces from F1 and F2 (Figure 20). Punch displacement is then measured using displacement
capacitive transducer. The pin holder of the rig is supported by a specially designed head that can
replace the chuck.
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In general, the friction coefficient value can be determined from [79]:

μ =
1
θ

ln
[

F1

F1 + Fb

]
(23)

where Fb is the bending force.
In order to isolate the effect of friction from that of bending and hence compensate the bending

effect, two test methods are commonly employed: (1) using a fixed pin and (2) using a rolling pin.
The actual friction coefficient is then calculated using an equation proposed by Wagoner et al. [80]:

μ =
[ 1
θ

ln
F1

F2

]
pin
−
[ 1
θ

ln
F1

F2

]
roller

(24)

where θ is the angle of contact between specimen and roller/pin.
Gali et al. [81] developed the hot forming friction measurement setup (Figure 21). This tribometer

is capable of measuring the COF between the pin and a metallic strip contact stretching at different
strain rates and temperatures. The apparatus consisted of a friction measurement assembly and
a loading system, with two synchronized linear actuators that apply a constant strain rate to the
sample. A strip was placed around the rotating heater and pulled on both ends by a tensile force.
The strip was also compressed by the steel pin, which has an embedded load cell to measure the normal
load. The tribometer was developed at the University of Windsor, and the principles of its operation,
including the details of the strain measurements, are described in an earlier paper of Das et al. [82].
They additionally installed a camera system over the top face of the strip to measure changes in the
initial diameter of circular grids inscribed on the strip’s surface and then used it for in-situ evaluation
of the major and minor strains in the hot zone. The results of testing AA5083 aluminum alloy sheets at
different temperatures showed that COF increased, and this can be attributed to the effects of softening
tribolayer at high temperature and abrasion at low temperature [81].

Figure 21. Schematic of the hot bending under the tension test.

While forming the draw pieces with complex shapes, such as car bodies, it is important to utilize
dies having varying outline curvatures. When cylindrical counter-samples are used to model friction
conditions on dies with varying outline curvatures and varying radii of edge fillets, it is difficult to
get results on the edge of the die that fully reflect the friction conditions. To overcome this limitation,
Trzepieciński and Lemu [32] proposed an experimental and numerical method to describe the friction
in sheet metal forming. Due to the rounded shape of the proposed counter-samples (Figure 22), it was
found necessary to employ a different method of determining the forces can eliminate friction through
the steps listed below [32]:
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• determining the pulling and back-tension forces experimentally, i.e., by friction test, using a
counter-sample having a non-cylindrical profile,

• using numerical methods to determine the pulling and back-tension forces under frictionless
conditions (μ = 0) employing a counter-sample with a non-cylindrical profile.

Figure 22. Proposed methods for the determination of the COF on a die edge with a (a) convex and (b)
concave profile.

Considering that the sample is bent at an angle of 90◦ while conducting the friction test, the COF
is determined by [32]:

μ =
1
γ

2R + g
2R

ln
F1exp − (F1num − F2num)

F2exp
(25)

where R is the counter-sample radius, g id the thickness of the sheet, F1exp is the pulling force
(experimentally determined), F1num is the pulling force (numerically determined), F2exp is the back-tension
force (experimentally determined), and F2num is the back-tension force (numerically determined).

The knowledge of intensity and distribution of the contact and friction stresses over the die
surface in SMF is important both from the tool wear analysis and the die design. Jurkovic et al. [83]
proposed a method of defining contact stresses and determination of COF. A more detailed figure can
be found in the aforementioned reference [83]. For the determining method of direct contact stresses,
the authors elaborated and designed sensors for the measurement of normal stresses and tangential
contact stresses. The contact stresses are measured by means of pins with transducers.

4.5. Friction Testing in the Draw Bead Region

The draw bead test (DBT) is a concept developed by Nine [84] for friction modeling at the
draw bead in sheet metal forming. Draw beads compensate for the material flow resistance around
the perimeter of the draw piece or to change the stress state in specific regions of the draw piece.
The curvature of the metallic sheet passing the draw bead model (Figure 23) changes frequently. Thus,
the aim of the method is to enable separation of the deformation resistance in the sheet from the
frictional resistance. In DBT, the values of the pulling and the clamping forces are measured when
pulling the strip over fixed (Figure 23a) and rotating (Figure 23b) rollers. Drawing the sheet over the
set of rotating rolls minimizes the frictional resistance.
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Figure 23. The concept of determining frictional resistance: (a) fixed rollers, (b) rotatable rollers,
(c) geometrical parameters of draw bead.

When the wrap angle of the middle roller is 180◦, the difference in the drawing force for the
rotating and fixed rollers may be attributed to the friction process and used to calculate the value of the
COF according to the relationship [84]:

μ =
FF − FR

π·NF
(26)

where FF is the pulling force, FR is the pulling force, and NF is the normal force or clamping force.
These forces are obtained from the fixed rolls, the freely rotating rolls, and the fixed beads, respectively.

The change of friction conditions may be obtained by changing the lubrication conditions, shape,
and dimensions of the draw bead model, wrap angle of the counter-sample, and the drawing speed of
the sheet [85]. The influence of the manufacturing tolerance of the sheet metal on the disturbance of the
recorded forces is often omitted in DBTs. The influence of the values of surface roughness parameters
on the value of the COF was discussed in detail in Skarpelos and Morris [86], which found that metallic
sheets with a higher Ra parameter showed a lower value of COF.

The value of the COF for a wrap angle α different from 180◦ is determined from [87]:

μ =
sinα
2a

PF − PR

NF
(27)

where α represents a quarter of contact angle of the actual engagement of the strip over the middle roll.
The difference between forces PF and PR in the numerator of Equation (27) is the force that

expresses the frictional resistance. This force is a component of frictional resistance occurring in the
direction of the sample drawing. This resistance is associated with the occurrence of friction on the
entire length of the contact arc on each of the three rollers equal to 2α = π rad (Figure 23c). The value
of the friction force FT = PF − PR is burdened with the error resulting from the assumption that
the use of rotating rollers eliminates friction. The normal force NF is a component of the resultant
pressure on the direction normal to the direction of drawing the sheet, and thus, the value of the COF
determined according to Equation (27) cannot be identified with the classical Amontons–Coulomb
friction coefficient.

When the middle roller’s maximum displacement becomes equal to its diameter, its wrap angle
becomes different from 180◦, because it is necessary to ensure adequate clearance c (Figure 23c) between
the counter-samples. This prevents the blocking of the specimen. The value of the wrap angle on
all rollers is related nonlinearly to the value of clearance c and the displacement of the middle roller,
as shown in Figure 24. Excessive drawing resistance may occur, and as a result, test samples of mild
steel sheets may break when the wrap angles get larger. In contrast, the use of excessive clearance c
between the rollers can cause an unfavorable change in the way the sheet deforms [88]. According to

233



Metals 2020, 10, 47

the recommendations in Nanayakkara et al. [87], the side clearance c should be equal to approximately
twice the sheet thickness:

c = g + s (28)

where s is an additional margin equal to 0.77 mm for g = 0.8 mm sheet thickness.

Figure 24. The relation between the total angle of wrap 2α and the middle roller penetration z.

Figueiredo et al. [4] used the draw bead simulation (DBS) test to investigate the tribological
properties of DP600 dual-phase steel sheets. Results of experimental tests allowed to conclude that
the die material surface roughness has a significant effect on COF. A major drawback in all studies on
friction measurement in the draw bead region is that the determination of friction demand repeated
measurements of the drawing force using fixed and rotating counter-samples. Such a way of the
determination of the value of COF leads to large uncertainties due to scattering [89]. In order to avoid
this problem, Olsson et al. [90] proposed a new draw bead test that can measure the friction force
acting directly on the tool radius using a build-in piezoelectric torque transducer. The method enables
recording the breakdown of lubricant film as a function of the drawing distance. For coated sheet
steels, the friction coefficient is assumed constant with contact pressure. One of the first comprehensive
tests of frictional resistances of zinc-coated sheets using the BUT and DBS tests have been conducted
by Vallance and Matlock [91].

The conventional methodology of the DBS test is only valid to measure an average COF over
the pressure range. However, the new methodology proposed by Kim et al. [92] can be employed to
determine friction coefficients from draw-bend friction tests involving pressure non-uniformity. In this
methodology, contact pressure maps that are obtained from numerical simulations, contrary to the
uniform pressure assumption, are used to build the COF model expressed as a 2nd order polynomial
of pressure.

4.6. Friction Modeling in the Punch Curvature

In the tensile strip test (Figure 25), developed by Duncan et al. [93], a strip specimen of sheet metal
is pulled over two rollers. This is done to simulate the frictional phenomena between the punch and
sheet metal in sheet forming. While the pulling force and the strain are measured on one side of the
roller, the back-tension force on the second side of the roller is calculated from the measured strains,
i.e., using the stress-strain relationship of the test material [94]. Assuming that the COF is constant
over the rollers, its value may be determined using the formula [95]:

μ =
2
π

ln
Fp

Fb
(29)

where Fp is a pulling force and Fb is a back-tension force (Figure 25).
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Figure 25. Schematic diagram of the tensile strip test.

Similar to that introduced by Duncan et al. [93], the apparatus developed by Lovell and Deng [19]
is a “plane-strain bend/unbend tension” device that stretches and bends the test specimens of the metal
strip. COF between the die and the workpiece, and the surface roughness of the deformed sheets,
could be measured under different lubrication conditions, strip widths, testing speeds and pin radii.

Hao et al. [96] studied the friction at the tool-workpiece interface using the “U” shaped friction
test. As depicted in Figure 26, the strip specimen is pulled over two pins and around a rounded die,
which is mounted on a load cell. The pulling force, F1, and the strip tension on the other side of the
pins, F2, are measured during the test. In the” U” shaped strip friction test, the COF is estimated from
measurements of strip tensions on each side of the die. The force and moment equilibrium on an
element of the strip give the following formulas that can be used in determining the COF μ, the average
contact pressure ps, and the average friction stress f [22] as given in Equations (30), (31), and (32)
respectively:

μ =
1
θ

ln
F1

F2
(30)

ps =
F1 + F2

2wR
(31)

f =
F1 − F2

wRθ
(32)

where F1 and F2 are the strip tensions (Figure 26), R is the radius of the die, w is the strip width, and θ
is the wrap angle of the strip on the die.

Figure 26. Schematic of the “U” shape strip test, prepared based on [96].

This test is a modification of the tensile strip test, which was developed at Ohio State University
(OSU) [80]. It was designed for the experimental determination of the COF in conditions of variable
wrap angle of the sheet over a cylindrical counter-sample (Figure 27). As in the case of the bending
under tension test, the resistance associated with sample bending and drawing can be separated by
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running the OSU test on fixed and rotating rollers. The rotating rollers allow the elimination of the
effects of friction and allow the measurement of forces required to bend the specimen. The undeniable
advantage of the OSU test is to ensure the realism of the deformation process of the sheet and
contact conditions:

• simultaneous occurrence of the bending and stretching of the sheet,
• the wrap angle of the counter-samples changes gradually with the increase in their displacement.

Figure 27. Schematic diagram of the OSU friction test: F1—the force acting on the center of the
specimen, F2—is the force acting in side walls, H—punch height, N—pressure force, R—radius of
cylindrical counter-sample, γ is the contact angle, ε1 and ε2—strains of the specimen in the center and
side walls, respectively.

Apart from the effect of bending and straightening the sheet, the relationship between the tensile
forces F1 and F2 is equal:

F1

F2
= eγμ (33)

where γ is the wrap angle of the counter-sample, μ is the COF.
After rearranging Equation (33), the COF takes the form:

μ =
1
γ

ln
F1

F2
(34)

The plastic deformation of the sheet caused by bending around the counter-sample causes changes
in the topography of the surface, and consequently, the local pressures relative to the actual contact
surface is smaller than the nominal pressures taking into account the nominal contact surface [70].

4.7. Friction Conditions Under Sheet Stretching

Figure 28 illustrates a schematic view of an apparatus developed by Azushima and Zhu [97] for
the Tension-Bending Test (TBT) and represents stretching over the punch radius of curvature and
under the punch nose. The sheet metal strip is clamped with the end of the actuator ram head, and the
other end is subjected to a tension load. The drawing load is then measured by means of a strain gauge
load cell inserted between the ram load and the chuck. The test may be conducted under different
drawing speeds, the geometry of the die, surface topography of die, and lubrication conditions.

The COF is determined using following equation [97]:

μ = 2
FD − FT − FB

θ(FD − FT)
(35)

where FD is drawing load, FT is back-tension force, FB is the Swift bending tension [98], and θ is the
die angle.
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The average contact pressure is defined as [97]:

pav =
FT + FD

2wR
(36)

where R is the die radius, and w is the specimen width.
TBT has been used by Azushima and Zhu [97] to study the lubrication characteristics at the

interface between the A1100 aluminum sheet and tool in the die corner of deep drawing. They found
that the surface roughening becomes predominant when the average contact pressure gets lower,
and thus, the COF becomes constant. In addition, increasing average contact pressure leads to the
flattening of surface asperities for higher average contact pressure, and hence, the COF decreases.
Azushima et al. [98] measured the COF using TBT, and they observed that the asperity flattening
occurred for the specimen with a rough surface, which dominated the boundary lubrication regime,
and the COF remained constant. It is well known that, due to the geometry of contact in TBT,
the asperity flattening and the surface roughening took place due to the plastic strain.

Figure 28. Schematic illustration of the flat-die strip drawing.

5. Friction Testing in Incremental Sheet Forming

In the ISF process, a rigid tool with a rounded tip is widely used do deform the sheet metal.
To avoid possible scratch on the sheet surface, an Oblique Roller-Ball (ORB) tool in combination with
the path generation algorithm, was developed by Lu et al. [99]. To better understand the frictional
effect, the authors also developed an analytical model of friction based on the stress analysis. In the
design (Figure 29), a ball cap is clamped by the tool arm to a certain angle instead of clamped vertically
in the conventional design. The rotation of the spindle will not change the position of the rollerball.
The measured forming loads, i.e., horizontal and vertical forces, show the cyclical change in tool forces
tends to be a “U” shape. The force difference after passes suggests the varied friction conditions.

Figure 29. Schematic representation of the ORB test: c—CNC spindle, 2—tool arm, 3—ball bearings,
4—ball cup, 5—roller ball; prepared based on [99].
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Precise calculation of COF is not easy since the measured horizontal force contains not only the
friction but also the forming force. According to the approach of Xu et al. [100], Lu et al. [99] defined
friction indicator μ* in the analysis to evaluate COF. This friction indicator is the ratio between the
horizontal and vertical force components at the mid-position of the groove in each pass, according to
Equation (37) [99]:

μ∗ =
fH∣∣∣ fZ∣∣∣ =

f riction + f orming load∣∣∣ fZ∣∣∣ (37)

where fH is the horizontal (or in-plane) force resisting the motion of the forming tool in the horizontal
plane, fZ is the vertical force acting normal to the horizontal plane and flattens the sheet.

It should be noted that μ* is not only the result of friction conditions but also related to other effects
such as strain hardening phenomenon and geometry of the desired component. The experimental
friction tests revealed that lower friction could be obtained using roller-type tools. This reduction
is more apparent when the pressure between the tool and sheet is high up to a specific level [99].
Durante et al. [101] concluded that the forces in SPIF continue to increase in the initial few contours
due to the dynamic equilibrium between sheet thinning and strain hardening. Therefore, the friction
indicator should be calculated once the force has achieved a steady-state.

Wei et al. [102] evaluated the COF using Equation (38) using sliding tests on 20 mm wide specimens,
fixed at the ends. As illustrated in Figure 30, a tool path alternates between a stroke, back and forth
twice along an 80 mm straight line [101], similar to the straight groove test, was used by Kim and
Park [103] and more recently by Ilyas et al. [104] to evaluate forming limit curves in ISF.

Figure 30. Sliding test path for the evaluation of COF (number of tool passes have been indicated by
1–3 and 2–4), prepared based on [101].

The formula for the determination of the COF value is [102]:

μ =

∣∣∣∣∣Fh
Fv

∣∣∣∣∣ (38)

where Fh and Fv are horizontal and vertical components of the total force, respectively.
In order to evaluate the modulus of the equivalent force in the sheet plane, it is enough to calculate

the force Fh [101]:

Fh =
√

F2
a + F2

b (39)

where Fa and Fb are values of the horizontal component forces evaluated in the central zones for sides a
and b in Figure 31, respectively, and represent the moduli of the two components of the horizontal force.

Analysis of variance of the effect of some forming parameters (sheet thickness, tool diameter,
forming angle, and step size) on the value of friction indicator μ* conducted by Wei et al. [102]
revealed that the response of friction indicator to parameter variations is relatively complex. During
forming, the mechanical properties of the sheets change during the strain-hardening phenomenon [6].
Furthermore, the tool-sheet contact area changes when the forming is performed with an altered set
of parameters [105]. These changes affect the values of force components, and hence, the friction
indicator [102]. It should also be noted that the results of roughness findings of Wei et al. [102] are
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different from those presented in the ISF literature. The material type observed to be the major factor
influencing the friction condition, and hence, the roughness. Recently, a number of researchers mainly
studied the friction indicator as to the function of tool rotation. In many cases [100,101,105], it has been
revealed that the friction indicator has a significant effect on the roughness.

Figure 31. Sides of the tool path during the forming of pyramid frusta.

In the case of the pin-on-disc test, the tool contacts the workpiece over the same rounded loop
repeatedly; whereas in the case of the SPIF, the forming tool never exactly touches the same workpiece
area. Despite this, Petek et al. [106] used a conventional pin-on-disc test shown in Figure 21 to study
the coating ability to prevent the adhesion of the workpiece at initial testing conditions during SPIF.
Pin-on-disc test is also applied by Minutolo et al. [107] to determine COF value for a numerical model
of the ISF process. The sliding speed was set equal to the punch feed rate in the motion of the groove.
According to the authors′ conclusion, results of finite element-based computations were observed to
have good agreement with the experimental ones, showing that pin on disc test can be used for testing
friction in the SPIF process. Hussain [108] successfully studied the different lubrication strategies
during ISF of titanium sheets using pin-on-disc tribometer.

Saidi et al. [109] proposed an approach estimating the COF in SPIF based on the values of forming
forces Fx, Fy, and Fz (Figure 32) while forming the truncated cones with wall angle α. The authors
took the following assumptions: (i) value of COF varies from one zone to another, and (ii) COF is
estimated on the basis of a uniform displacement of the tool with respect to the workpiece. Based on
these assumptions, the COF was calculated by the following relation [109,110]:

μ =

√
F2

x + F2
y√

F2
z

(40)

Figure 32. Relationship of the forming force components.
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6. Conclusions

In the SMF occurs various zones in terms of stress, deformation, sliding velocity, and contact
conditions. Therefore, over the years, a number of tribological tests to model the phenomenon of
friction in individual regions of sheet metal to be formed have been developed. The aim of this review
is (i) presentation of tribological tests aimed at determining the value of COF occurring in SMF and
ISF, while maintaining the actual contact geometry and kinematics of the tool movement, and (ii) the
discussion of the disadvantages and limitations of specific tests. Although most of the friction tests
were developed many decades ago, they are still valid and used by many authors. Although the
methods to determine friction resistance in conventional SMF at different temperature conditions
have been fairly well understood [10,15,16,50], there are a very limited number of experimental tests
modeling conditions in ISF [102,104,105,109]. This is due to the difficulty in separating the frictional
resistance from the plastic deformation resistance in the process [110].

Based on the literature review, the tribological tests can be classified into direct and indirect
measurement tests of the COF. In indirect methods of determination, the COF is determined on the
basis of measuring other physical quantities, e.g., friction force and normal force [40,50–53,55,57,58,66].
Based on the adopted model, the COF is calculated. The disadvantage of this type of methods is
that they allow the determination of the average value of COF, while they do not allow measuring
and determining the real friction resistance. Most of the tribometers, which are typically used to
measure the wear resistance, allows determining the instantaneous value of the COF. The rotational
specimen causes that the length of the friction track is unlimited. This intensifies the wear processes and
causes overestimation of the value of COF. Assigning the COF determined in a pin- and ball-on-disc
tribotesters to the conditions arisen in conventional SMF should be limited. However, the pin-on-disc
and ball-on-disc are able to determine the effect of directional topography on the wear and COF [111].

Most of the friction tests, are able to capture the COF values of tool-workpiece interfaces by controlling
critical parameters, such as lubrication conditions [19,20,62,112], microgeometry of contact (surface
roughness of sheet and tools surfaces) [50,53,91], contact pressures [40,90], temperature [42,46,47,81], tool
material and coating applied [21,22,38,45], and sliding velocity [33]. The multitude of parameters and
phenomena affecting frictional resistance means that the results obtained in various tribological tests
are not comparable [35].

The BUT and DBS tests could not directly measure COF in such a way that their value has
heavily relied on the material behavior of tested materials. During friction tests, the sheet is plastically
deformed, which affects the value of process forces used to evaluate the value of the COF. In contrast,
the plastic deformation of the sheet strip specimen in BUT tests allows determining the evolution of
the value of the COF with the increased contact pressure.

In the classical Coulomb model commonly used in the solid mechanics, the friction force is
proportional to the normal pressure. The ratio of the friction force to the contact pressure is handled as
a material constant, named the COF [113]. In metal forming operations exist high local pressures which
intensify the effects of adhesion and plowing in the friction resistance. In such conditions, the usage of
the formula for the determination of the COF based on the Coulomb friction model (Equation (1)) is
limited to small pressures.

In SDT, it was realized that in the presence of the cylindrical counter-samples, the relation of the
normal force and the friction force is nonlinear [15,35]. It is a result of a non-proportional increase in real
contact area with an increase in normal force. This phenomenon is observed by the non-linear decrease
of the value of the COF (Equation (1)) with an increase of normal force [35]. In the case of lubricated
conditions and tests with flat counter-samples, the value of pressure is crucial in the determination
of the COF. As shown by Mousavi et al. [114], since the lubricant film is under relative high surface
pressure, a uniform distribution of lubricant over the contact area rarely takes place. Therefore,
lubricant pockets can provide the permanently reserved lubricant during the sheet metal forming.
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The main problems observed in warm and hot forming processes are that high friction and wear
occur because of high adhesion between the workpiece material and tool surface, and surface-initiated
fatigue. The occurrence and prevention of galling mechanism are investigated by using tribometers
for metal forming at elevated temperatures [12,27,63]. The typically used pin-on-disc tribometer to
characterize frictional contact in hot stamping do not reproduce appropriate contact conditions. First,
the cyclic contact of the pin with the specimen does not correspond to real contact conditions [58].
Second, the build-up in the front of pin causes plowing friction and causes overestimation of COF.
Third, if the ball-shaped pin is used, the real contact area changes during the test [111]. In fact,
according to the Coulomb law, the COF is independent of the contact area. However, the applicability
of Coulomb friction model is very limited in the description of contact phenomena in hot SMF due to a
high shear of adhesion in total contact resistance.
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