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Abstract: This article aims to investigate the influence of different contact conditions on the friction
properties of an Nb-stabilized AISI 430 ferritic stainless-steel sheet with deep drawing quality.
Three tribological tests were performed: pin-on-disk, bending under tension, and strip-tension test.
Moreover, counter samples of a hard metal (WC-12%Co) with surface finishes of 0.27 and 0.54 µm
were used in the friction tests under dry and lubricated conditions. The influence of the texture and
relative elongation of the strip on formability also were investigated. A comparative analysis of the
results revealed that the coefficients of friction, wear, lubricant efficiency, and hardness measured
below the wear surface indicated a strong dependence on surface roughness and the friction test
type. The coefficients of friction obtained from the pin-on-disk test were higher than those obtained
from the formability tests. In addition, the coefficient of friction increased with increasing relative
elongation during the formability tests; it was higher in the bending-under-tension test than in the
strip-tension test, mainly owing to the increasing strip surface roughness. The contact pressure during
the formability tests was non-uniform during strip sliding under the tool. According to our results,
for each friction condition in a specific area of the forming die, there is a value of the coefficient of
friction, depending on the kinematic conditions. Therefore, the results can be used as input data to
define design guidelines, improve productivity, and improve product quality from this steel sheet.

Keywords: friction conditions; pin-on-disk test; bending under tension test; strip-tension test;
AISI 430; coefficient of friction

1. Introduction

Sheet metal forming (SMF) is an efficient and widely used manufacturing process in
the production of pieces with complex geometries [1]. During stamping, friction between
the sheet metal and the die has a significant impact on formability, surface quality, and
die wear [2]. Several studies have been conducted to solve tribological problems in SMF
processes. However, the results showed that these problems are difficult to solve because
they differ from the tribological problems in actual SMF processes: tribological factors in
actual forming are more complicated than in laboratory forming.

Friction is a crucial factor in tribological systems; it occurs because of the resistance to
the relative motion between two bodies in contact. Holmberg and Erdemir [3] found that
approximately 23% of global energy consumption can be attributed to tribological contact.
It is commonly assumed that 20% of the consumed energy is used to overcome friction,
and 3% is the cost of regenerating parts worn owing to failure or wear. As illustrated
in Figure 1, the formability of sheet metal is influenced by several factors, for example,
tribological aspects. In the case of SMF processes, the coefficient of friction (COF) is
influenced by the surface roughness of the tool and sheet, friction conditions, lubricant
properties, sliding velocity, and pressure values [4]. In most SMF processes, friction is an
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undesirable phenomenon due to the deleterious effects on equipment and products. Several
parameters influence the tribological behavior of sheet metal during the forming process,
for example, physicochemical phenomena, temperature, kinematics of tool movement, and
dynamics of load [5,6].
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Figure 1. Factors influencing sheet metal formability.

Furthermore, the frictional resistances that exist in SMF under lubricated conditions
depend on the interaction between two mechanisms: adhesion and flattening/roughening
of the asperities [7]. Notoriously, the sheet roughness directly interferes with the occurrence
and intensity of these two mechanisms. When low, the adhesion mechanism is dominant,
while high, the mechanism of flattening/roughening of the asperities dominates. As the
sheet hardness is significantly lower than that of the forming tool, this latter mechanism
increases with increasing sheet metal deformation [8].

The study of friction is important to increase the quality of manufactured products
and increase the life of components in engineering applications. For example, techniques
such as the deposition of surface coatings have been increasingly used [9,10]. Owing
to the presence of different contact pressures, stress states, and displacement speeds in
specific regions of a piece manufactured by SMF processes, a series of friction tests were
developed to simulate the tribological behavior. According to Staeves [11], these tests
can be classified as follows: (1) operating trials (real forming tests in industrial processes),
(2) laboratory-scale forming tests, (3) tribometer tests for sheet metal forming, and
(4) general tribometer tests. Schell and Groche [12] emphasized that the tribometer tests
of Group 1 are in-situ methods integrated into the press shop forming operations of real
parts under the conditions of series production. The Group 2 tests can be used for the
investigation of tribological systems (e.g., testing lubricants) with respect to their suitability
for certain SMF processes. However, this group lacks a direct measurement of the forces
involved in the tribocontact [13]. In contrast, Group 3 tests are most suitable for the study
of tribological behavior under specific conditions, such as sliding velocity, contact pressure,
roughness, and temperature. These studies focus on determining the COF value through
different tribological tests of metallic strips (e.g., bending under tension test). The great
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advantage of Group 2 tribometers over Group 3 ones is the possibility of easily adjusting
the tribological conditions independently. The main advantage of Group 4 tribometers
(e.g., pin-on-disk or PoD) is their level of standardization. The disadvantage is their low
transferability to SMF processes owing to different tribological conditions. As the contact
area is small, this affects the COF value in lubricated contacts. In contrast to SMF processes,
the relative motion of the tribological pair occurs over the same contact area. Finally, in con-
trast to the Group 4 tests, the deformation of the sheet metal affects the friction properties
due to the increase in its surface roughness [8,14].

Recently, Trzepiecinski and Lemu [4] presented a review of the methods used to
describe friction conditions in conventional SMF developments over the years. According
to the authors, several friction tests have been used to simulate the friction phenomena in
specific regions of SMF processes, for example, the strip-tension test (STT; sliding of the
strip in the region of the punch radius) [8], bending under tension test (BUT) (sliding of the
strip in the region of the die radius) [15], draw-bead test (DBT) [16,17], and strip drawing
test (SDT) [14]. Bay et al. [18] divided friction tests used in SMF processes with respect
to the sliding length, surface expansion, and normal pressure value into three groups. In
Group 1 (bending under tension tests), the pressures are medium, low sliding speeds, but
no surface expansion; On the other hand, in Group 2 (draw-bead tests) the pressures are
medium-to-high, medium sliding lengths, and also no surface expansion; and in Group
3 (strip-reduction tests) the pressures are high, low sliding lengths, and in this case with
surface expansion. Schmitz et al. [19] emphasize that laboratory tests remain the most
accurate methods for investigating the friction and wear of arbitrary tribological pairs.

In recent years, there has been an increase in the use of stainless steel in applications
requiring corrosion resistance and weight reduction, respectively [20,21]. Stainless steel
is an alloy containing at least 10.5% Cr, which guarantees high corrosion resistance [22].
Cr is an element that stabilizes Ferrite-α, the body-centered structure of iron, and when
homogeneously dispersed in a solid solution of steel, comes into contact with oxygen,
forming a thin passive layer (3–5 nm) [23]. Ti and Nb are the stabilizing elements most
commonly used. This layer is continuous and resistant over the entire surface, protect-
ing it against corrosive attacks by the environment. In particular, corrosion resistance
increases the longevity and integrity of metallic products. One of the ways found to
improve the efficiency of this type of material in certain applications was achieved by
reducing density [24,25].

However, the tribological behavior of a stainless-steel sheet in specific areas of a
stamped part has rarely been investigated. Kirkhorn et al. [26] emphasized that friction-
related aspects have been one of the main concerns in the manufacturing industry because
they significantly influence productivity and product quality. For example, the SMF process
is based on the deformation of a blank caused by the relative movement between a sheet
and a tool. To produce high-quality products, it is important to understand and control
the friction conditions because frictional forces influence the sheet metal formability and
deformation distribution in the tool.

In this context, ferritic stainless steels (FSSs) have recently gained considerable promi-
nence in SMF processes, mainly because of their excellent deep drawing capacity and lower
cost compared to austenitic steels. Their lower cost is due to their lower Nb concentration,
as the value of this metallic element has shown high volatility in recent years [27]. The ex-
cellent deep drawing capacity of FSS is because of the anisotropy of their properties, which
is a result of the crystallographic texture of the material. This characteristic makes FSS
more resistant to thinning than austenitic stainless steels (ASSs), which makes it possible to
produce deeper blankets [28]. For these reasons, FSS has been widely used in applications
requiring a combination of corrosion resistance and deep design quality (DDQ), such
as in automotive parts, home appliances, dishes and cutlery, chimney ducts, decorative
components, and dairy and catering equipment.

Therefore, this study aimed to investigate the influence of different contact conditions
on the friction properties of Nb-stabilized AISI 430 steel sheets with deep drawing quality
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(DDQ). The friction conditions of specific areas of the stamped part were reproduced using
PoD, BUT, and STT tests. In addition, the effects of the counter sample finish, relative
elongation (only in the formability tests), and lubrification conditions were investigated.
Due to the experimental nature of this article, the experimental results of COFs can be used
as input data for numerical simulations, define design guidelines, improve productivity,
and improve product quality from this material.

2. Materials and Methods
2.1. Materials

In this study, specimens were cut from a 0.8 mm-thick Nb-stabilized AISI 430 stainless-
steel sheet with DDQ. This sheet was fabricated in accordance with the ASTM A480:2020
standard [29], with a no 2 B finish (cold-rolled, bright finish). The surface roughness
parameters of the steel sheet were as follows: average roughness Sa = 0.053 µm and root-
mean-square roughness Sq = 0.077 µm. The chemical compositions are listed in Table 1.

Table 1. Chemical composition of the AISI 430 steel (wt %).

C Mn Si P S Ni Cr Mo Nb Ti N (ppm)

0.0164 0.2454 0.2447 0.0362 0.0009 0.2964 16.481 0.0234 0.3384 0.0035 231

The mechanical parameters of the steel sheet (Table 2) were determined using a tensile
test in accordance with ISO 6892-1:2020 [30]. The procedures described by Banabic et al. [31]
were used to determine coefficients n, r, rb, and ∆r. The tensile tests were performed on
an Emic DL30000 universal testing machine (Instron/Emic; Massachusetts, USA) with
a capacity of up to 300 kN. The specimens were prepared using a wire EDM Eurostec
EURO-FW1 (Eurostec; Rio Grande do Sul, Brazil) to avoid distortions or microstructural
changes in the cutting region. Three specimens were taken for each sheet rolling direction
(RD; 0◦, 45◦, and 90◦) in accordance with the ASTM E8:2016 standard [32]. The hardness of
the as-received specimens was tested using a Vickers HMV-2T micro-durometer (Shimadzu;
Kyoto, Japan) at a test force of 0.245 N. The average hardness was 120.6 ± 5 HV.

Table 2. Mechanical properties of the AISI 430 steel.

Direction Sy, MPa Su, MPa eu, % et n r rb ∆r

0◦ 316.1 464.9 22.3 32.7 0.205 1.419
1.366 0.34045◦ 343.4 475.6 17.9 27.2 0.188 1.196

90◦ 317.5 466.5 19.8 33.2 0.201 1.654

Sy = yield strength, Su = ultimate tensile strength, eu = uniform elongation, et = total elongation, n = hardening coefficient,
r = normal anisotropy coefficient, rb = mean normal anisotropy coefficient, and ∆r = planar anisotropy coefficient.

The counter samples used in the friction simulation tests were manufactured from
TSF44 ultrafine carbide (WC-12% Co). In general, hard metals exhibit excellent tribological
and thermal properties, wear resistance, hardness, toughness, and resistance to transverse
rupture. These characteristics enable carbides to be widely used to produce wear-resistant
tools and components. For each type of friction test (PoD and formability), two counter
samples were manufactured at two different finishing levels (Level A: Sa = 0.27 µm,
Sq = 0.37 µm; Level B: Sa = 0.54 µm, Sq = 0.74 µm).

2.2. Experimental Procedures
2.2.1. Pin-on-Disk Test

The PoD tests were performed under dry and lubricated conditions using a tribometer
(Microphotonics SMT-A/0100-MT/60/NI, Microtest AS; Allentown, PA, USA), as shown
in Figure 2a. The movement diagram of the test and dimensions of the carbide pin are
illustrated in Figure 2b,c, respectively.
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Figure 2. (a) Pin-on-disk tribometer; (b) motion diagram; (c) carbide pin dimensions (in mm).

The operational parameters are listed in Table 3. The lubricant used in the tribological
tests had a viscosity of 120 mPa and a density of 0.894 g/cm3.

Table 3. Operating parameters used in the PoD test.

Parameter Description

Normal force 15 N
Tangential speed 0.2 m/s
Rotation speed 191 rpm

Wear track radius 10 mm
Sliding distance 120 m

Specimen dimensions 0.8 mm × 25 mm × 58 mm

The frictional or tangential force Ff and sliding distance Ld were simultaneously
measured during the PoD tests. As shown in Equation (1), the value of the COF was
determined using the Amontons–Coulomb law [33], where COF (µ) is defined as the ratio
of the frictional force Ff to the normal force FN .

µ =
Ff

FN
(1)

From the data recorded in the PoD test and measured for the specimens after the tests,
the wear rate (introduced by Archard (1953)) [34] was determined using Equation (2).

Ks =
∆V · H
N · Ld

(2)

where Ks is the Archard dimensionless constant, ∆V is the volume loss, H is the hardness
of the softest material, N is the applied normal load, and Ld is the sliding distance.

Based on the ASTM G99-05:2012 guidelines [35], the loss of mass of the specimens was
converted to loss of volume using Equation (3). The specimen masses were measured using
an analytical balance (Shimadzu AUW220D, Shimadzu; Kyoto, Japan) with a resolution of
0.00001 g.

volumeloss =
massloss
density

× 1000 (3)

where the units of volume loss, mass loss, and density are mm3, g, and g/cm3, respectively.

2.2.2. Formability Tests

The friction tests simulating the contact conditions in the region of the die radius and
punch in the deep drawing processes (Figure 3a) are illustrated in Figures 3b,c, respectively.
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Figure 3. Schematic representation: (a) deep drawing process; (b) BUT test; (c) STT test.

The contact condition illustrated in Figure 3b (BUT test) consists of bending and sliding
a strip (t) around the radius (R) of the bending pin, thus simulating the contact condition
between die/sheet in SMF processes [15]. In this test, a force is applied at one end of the
strip (frontal force F1) to cause a movement relative to the bending pin, whereas at the other
end of the strip, a force opposite to the movement (back force F1) is applied to submit it
to the effect of stretching [22]. However, in the contact condition illustrated in Figure 3c
(STT test), one end of the strip moves at a constant speed (owing to F2), whereas the other
end remains fixed (owing to t), thus simulating the contact condition between the punch
radius/sheet. Figure 4 shows images of the tribo-simulator for studies on the SMF process.
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The parameters used in the formability tests are presented in Table 4. It is important to
emphasize that for each new test, the surfaces were cleaned using acetone, and the lubricant
was then applied abundantly.
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Table 4. Operating parameters used in the formability tests.

Parameter Description

Speed drawing v 10 mm/s
Pin radius R 9 mm

Relative elongation εr 3%, 6%, and 9%
Specimen direction 0◦ and 90◦

Specimen dimensions t× w× l 0.8 mm × 25 mm × 750 mm

The COF (µ) was determined using Equation (4) (introduced by Andreassen et al.) [36],
which defines the COF in the SMF process as the ratio between the friction stress τ and
contact pressure p.

µ =
τ

p
=

4T
πR(F1 + F2)

(4)

where T is friction-induced torque.
To describe how the COF changes as the specimens elongate, Equation (5) was used to

determine the relative elongation εr [8,14]:

εr =
l1 − l0

l0
× 100% (5)

where l1 and l0 are the final and initial lengths of the specimens, respectively.
The effectiveness of the lubricant (Le-index) used in the friction tests was determined

by Equation (6) [8,14].

Le =
µd − µl

µd
× 100% (6)

where µd is the dry COF and µl is the lubricated COF.

3. Results and Discussion
3.1. Pin-on-Disk Test

Figure 5 shows the COF value and wear rate as functions of the pin roughness (pa-
rameter Ra) and lubrication conditions. It can be seen that the COF value and wear rate
increase as the pin roughness increases under dry and lubricated conditions. Generally,
carbide tools with rough surfaces sliding under a soft and smooth surface produce a greater
amount of debris, which increases the friction and wear rate. Additionally, Figure 5a,b
demonstrates that the lubricant decreases the friction and wear rates. The lubricant reduces
the effect of intermolecular forces that cause adhesion between tribosurfaces, and as a
result, the resistance to friction and wear is lower compared to those in tests carried out
under dry conditions.

The occurrence of the stick-slip phenomenon that develops owing to the difference
between static and dynamic friction is more evident under dry condition. Two factors
contributed significantly to the decrease in friction at this stage. First, an oxide layer was
formed, which acted as a solid lubricant in the interfacial areas of the sliding contact. In
this regard, it can be seen in the EDS analysis in Figure 6 that high concentrations of O and
Fe are present within the wear track, indicating that layers of a Fe-based oxide were formed
on the wear track because of the heat generated by the friction in the tribocontact. Based on
these results and the arguments of Hutchings and Shipway [37], it can be concluded that
the oxide layer acts as a solid lubricant film (reducing friction and wear) if its hardness is
less than that of the worn material surface. Additionally, the severe wear mechanism in
the PoD test was mitigated by the presence of oxides formed during the sliding contact of
the tribosurfaces. The second factor causing the decrease in friction was a decrease in the
processes of grooving and asperity flattening or deformation, which attenuated the increase
in the normal pressure. The real contact area is a function of the normal load, roughness
of the tribosurfaces, mechanical properties (e.g., degree of asperity strain hardening), and
contact surface geometry [14].
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Coatings 2023, 13, x FOR PEER REVIEW 9 of 20 
 

 

 

Figure 6. EDS analysis of the wear track surface. 

In addition, the COF under the dry condition showed greater instability (variation) 

along the sliding track when the pin with the greater roughness (Ra = 0.54 µm as compared 

to 0.27 µm) was used. This behavior can be attributed to two main reasons. First, a pin 

with a higher roughness tends to cause greater damage to the soft surface owing to plastic 

deformation, fracture [38], and deterioration of the oxide layer that functions as a solid 

lubricant. Figure 5a shows that after 60 m of sliding, the COF exhibits a tendency to in-

crease with the use of the rougher pin under the dry condition. Second, as reported, FSSs 

have low ductility and toughness; as a result, they produce larger wear particles and ex-

hibit a stronger tendency to agglomerate wear debris than ASSs. Holmberg and Matthews 

[39] explained that the agglomeration of debris acts as a third body at the interface of the 

tribocontact, which in turn can plow and plastically deform the soft surface asperities, 

increasing the friction and wear rate. 

A combination of friction and an increase in temperature may also have contributed 

to the adhesive property of wear debris on the surface of the pin, thus aggravating the 

abrasive wear mechanism. This behavior can be explained by the high metallurgical com-

patibility between W and Cr, as the pin is carbide (WC-12% Co) and the specimen is AISI 

430 FSS (containing a high concentration of Cr) (Table 1). This high metallurgical compat-

ibility is supported by the Rabinowicz table [33]. 

The optical microscopy image of a specimen section in Figure 7a shows that the wear 

track surface is rougher, and the subsurface presents highly deformed and hardened 

grains. Figure 7b shows an image of the wear track surface obtained using a scanning 

electron microscope (SEM) (Jeol JSM-6510 LV, Jeol Ltd; Tokyo, Japan) with an acceleration 

voltage of 10.0 kV. The wear track surface presents a number of micro-effects resulting 

from sliding wear mechanisms, such as debris particles, cracks, grooves, and delamination 

flakes. Fatigue crack propagation in the direction perpendicular to the sliding direction 

was caused by the large tensile deformation of the specimen surface. The grooves were 

deeper owing to the plowing or plastic deformation and abrasive wear imposed by the 

hard asperities of the carbide pin. Delamination occurs as a result of the wear process at 

the contact interface, causing shear cracks on the surface of the soft material and produc-

ing flake-like debris [40]. The generation of fragments in the form of metal flakes can be 

explained by the delamination theory introduced by Suh [41]. 

AT (%)Weight (%)Element

35.90363.980Fe

42.51816.295C

6.93111.500Cr

12.7116.489O

1.9371.736Si

100.000100.000Total

Figure 6. EDS analysis of the wear track surface.

In addition, the COF under the dry condition showed greater instability (variation)
along the sliding track when the pin with the greater roughness (Ra = 0.54 µm as compared
to 0.27 µm) was used. This behavior can be attributed to two main reasons. First, a pin
with a higher roughness tends to cause greater damage to the soft surface owing to plastic
deformation, fracture [38], and deterioration of the oxide layer that functions as a solid
lubricant. Figure 5a shows that after 60 m of sliding, the COF exhibits a tendency to increase
with the use of the rougher pin under the dry condition. Second, as reported, FSSs have
low ductility and toughness; as a result, they produce larger wear particles and exhibit a
stronger tendency to agglomerate wear debris than ASSs. Holmberg and Matthews [39]
explained that the agglomeration of debris acts as a third body at the interface of the
tribocontact, which in turn can plow and plastically deform the soft surface asperities,
increasing the friction and wear rate.
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A combination of friction and an increase in temperature may also have contributed to
the adhesive property of wear debris on the surface of the pin, thus aggravating the abrasive
wear mechanism. This behavior can be explained by the high metallurgical compatibility
between W and Cr, as the pin is carbide (WC-12% Co) and the specimen is AISI 430 FSS
(containing a high concentration of Cr) (Table 1). This high metallurgical compatibility is
supported by the Rabinowicz table [33].

The optical microscopy image of a specimen section in Figure 7a shows that the
wear track surface is rougher, and the subsurface presents highly deformed and hardened
grains. Figure 7b shows an image of the wear track surface obtained using a scanning
electron microscope (SEM) (Jeol JSM-6510 LV, Jeol Ltd; Tokyo, Japan) with an acceleration
voltage of 10.0 kV. The wear track surface presents a number of micro-effects resulting from
sliding wear mechanisms, such as debris particles, cracks, grooves, and delamination flakes.
Fatigue crack propagation in the direction perpendicular to the sliding direction was caused
by the large tensile deformation of the specimen surface. The grooves were deeper owing
to the plowing or plastic deformation and abrasive wear imposed by the hard asperities
of the carbide pin. Delamination occurs as a result of the wear process at the contact
interface, causing shear cracks on the surface of the soft material and producing flake-like
debris [40]. The generation of fragments in the form of metal flakes can be explained by the
delamination theory introduced by Suh [41].
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In addition, the formation of oxides in the wear track can improve the lubrication
efficiency. According to Schey [42], the oxides formed in sliding contact act as anchors or
react with the liquid lubricant, improving its efficiency. In this regard, the efficiency of
the lubricant used in the PoD test with the Ra values of 0.27 and 0.54 µm was determined
using Equation (6), with results of approximately 74% and 65%, respectively. Figure 5a
shows a significant attenuation of the stick-slip phenomenon in the friction curves under
lubricated conditions, as the COF remains almost constant during the dynamic friction
regime. The lower lubricant efficiency registered with the use of the rougher pin can also
be attributed to the greater degree of flattening of the specimen asperities. In lubricated
contacts, surface asperities function as an adequate reserve of lubricant at the contact
interface; however, flattening decreases the ability to retain more lubricant, causing a change
in the lubrication regime owing to the high normal load. Consequently, the interaction
between the tribosurfaces increases.

3.2. Formability Tests

As an example, Figure 8 shows some results obtained for the acting forces (F1 and F2)
and COF in formability tests. The 0–5s interval is the waiting time for the test to start after
the automatic command of the equipment. The showed values were obtained as averages
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of three samples for each test condition. It was noted in each test that the load increases
almost linearly with increasing deformation to a certain value, then stabilizes. The increase
observed in the front force is caused by the phenomenon of strain hardening, making
F1 to be greater than F2 [8,14]. The regime of constant load (F1 − F2) is due to a stable
friction condition at the contact interface. Therefore, the greater the difference between
these forces, the greater the frictional force acting in the contact interface. This statement is
supported by the Amontons–Coulomb friction law (Equation (1)), which defines the COF
as the ratio between the frictional force Ff and normal load FN , which in turn is assumed
to be dependent on the normal load and independent of the sliding speed and apparent
contact area [33].
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Figure 8. Characteristic curves of the acting forces and COF under the following test conditions:
pin roughness Ra = 0.54 µm, relative elongation εr = 0.06, strip orientation: 0◦, lubricated condition.
(a) BUT test; (b) STT test. (F1 − F2) is the difference between the forces acting on each side of the
metallic strip.

In addition, the curves of the acting forces show an initial monotonic increase up to an
average constant value. However, at the end of the initial transient the load shows a very
irregular behavior, denoting the occurrence of the stick–slip phenomenon, just as observed
in the PoD test (Figure 5a). In the formability tests, such a phenomenon was more evident
in the BUT test. As can be seen in Figure 8a (BUT test), the values F1 and F2 were lower
compared to Figure 8b (STT test). As reported, in the BUT test, the two ends of the strip
move at the same time (Figure 3a), which contributed to the decrease in the intensity of the
acting forces to promote the sliding of the strips over the bending pin. However, in this
test, the combined effect of deformation and sliding of the strip over the surface of the pin
is more severe compared to the STT test (Figure 3b), causing in greater degrees continuous
changes in the topographic surface of the strips, as a consequence, the asperities deform
further, increasing the actual contact area, the stick–slip phenomenon, and the difference
between F1 and F2. Bhushan [38] emphasizes the adhesive forces significantly increase
if a shear displacement is added to the normal load, and the real contact area increases
because of the increase in asperity plastic flow. Furthermore, adhesive bonds can break in
the asperities junction of the corresponding materials, and the fragments are transferred
from one surface to the other, causing different wear mechanisms in the same tribocontact.
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As shown in Figure 9a, this behavior is observed during the monitoring of the friction
curve of a specimen subjected to the BUT test under lubricated conditions. The first stage
of the COF (Figure 9a) corresponds to scratching on the strip surface, and the second stage
corresponds to severe adhesive wear. Macroscopically, these surface defects appear on the
strip with a high degree of discoloration and galling (Figure 9c). This behavior supports
the statement that during sliding contact, the changes occurring in the tribosurfaces cause
variations in the lubrication regime owing to the low thickness of the lubricant film in the
contact interface.
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Figure 9. (a) Friction characteristic curve with two stages of friction (BUT test); (b) Image showing
the change from scratching to severe adhesive wear; (c) Specimen with a high degree of discoloration
and galling.

Figures 10 and 11 show the variation in the COF obtained from the different formability
tests as a function of the relative elongation εr, strip orientation, pin roughness, and
lubrication conditions. In general, the COF value increases with pin roughness under
dry and lubricated conditions in both formability tests. Simultaneously, the amount of
lubricant used reduces the COF value. In lubricated contacts, the intermolecular forces
between the tribosurfaces tend to be reduced, causing attenuation in the frictional resistance.
The increase in the COF value with the relative elongation is due to the increased strip
roughening by plastic deformation, causing the real contact area to increase simultaneously
with the normal pressure [43]. According to Trzepiecinski [14], this makes it difficult to
generalize and interpret the results obtained for the variation of the coefficient of friction.
According to Trzepiecinski [14], these variations make it difficult to analyze and interpret
the results of the COF.

Other factors may also have contributed to the increase in COF with the relative
elongation, for example, the structure, texture, and mechanical properties presented by
the metal sheet. As can be seen in Table 2, the AISI 430 steel sheet presents a significant
anisotropy of mechanical properties. In the BUT test, the bending and strip stretch over
the roller creates a condition close to the plane-strain condition, even though the width is
narrow compared to the length. Therefore, the greater heterogeneity of this strip makes it
more resistant to the necking (high normal anisotropy coefficient, R), which gives greater
plane deformation and increased strip roughness in the BUT test and, as a result, the COF
increases to a greater degree compared to the STT test.
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Figure 10. COF values obtained in the BUT test: (a) dry contact and (b) lubricated contact.
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Figure 11. COF value obtained in the STT test: (a) dry contact and (b) lubricated contact.

Under both tests and friction conditions, the samples tested with the rollers with a
surface roughness of Ra = 0.54 µm demonstrated a tendency to present a higher value of
the coefficient of friction with increased relative elongation compared to the samples tested
with the rollers with a surface roughness of Ra = 0.27 µm. Therefore, an increase or decrease
in the value of roll roughness resulted in a decreased value of the COF. This behavior
is due to the balance of two friction mechanisms: adhesion and asperities flattening.
In the first mechanism, friction increases owing to tribochemical interactions that form
adhesive or intermolecular bonds at the asperities junctions [38]. In addition, smoother
surfaces favor the increase in adhesive bonds, and as discussed in the PoD test results,
this tribological pair has a strong tendency for adhesive mechanisms owing to its high
metallurgical compatibility. In the second mechanism, high surface roughness and normal
pressure cause a higher degree of asperities flattening. Therefore, in the tests with the
smoother pin (Ra = 0.27 µm), the friction was governed to a greater degree by the adhesion
mechanism, whereas that in the tests with the rougher pin (Ra = 0.54 µm) was governed to
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a greater degree by the mechanism of plastic deformation of the strip asperities. In addition,
the results demonstrate that the pin of greater roughness has a greater effect on the COF
value in contrast to the direction of the metal strip.

Asperity flattening tends to be aggravated by the mutual effect between the applied
tangential force and the hard asperities of the rougher pin, which in turn act as inden-
ters that plow or scratch the soft surface of the metallic strip. In this way, increases the
production of debris, which acts as a third abrasive body during the relative movement
of the strip over the pin, and, as a result, friction and wear increase, as also evidenced
in the PoD test. Adhesive wear can aggravate adhesive wear. Notoriously, abrasive par-
ticles of high hardness can form due to the mechanisms of oxidation and hardening by
deformation [37,38].

Additionally, the experimental results presented in Figures 10 and 11 indicate that the
COF values obtained from the BUT test are superior to those obtained from the STT test un-
der dry and lubricated conditions. This behavior can be attributed to kinematic differences
in the mutual movement of the tribosurfaces, causing the sheet to be under different states
of tension and strain, which causes variations in shear stress τ and contact pressure p, as
shown in Equation (4). Furthermore, during the BUT test, the most pronounced effect of
the superficial defect (roping or riding) was observed, increasing the frictional resistance.
Several authors [44,45] have explained that FSS sheets exhibit ridging parallel to the rolling
direction when subjected to stretching or deep drawing. The ridges have a depth in the
range of 20–50 µm.

Figure 12a,b show the lubricant efficiency (Le-index) in the formability tests. In general,
the lubricant efficiency decreases with an increase in the relative elongation for both tests.
This behavior can be attributed to the increase in the surface roughness of the strip with
increasing relative elongation, causing a change in the lubrication regime. As a result,
there was greater interaction between the asperities, decreasing the lubrication efficiency.
The mutual effect of the different friction mechanisms (adhesion and asperities flattening)
on lubricated contacts of SMF processes is of great importance. The highest lubrication
efficiency was recorded during tests using the pin with a roughness Ra = 0.27 µm, strip
orientation of 0◦, and relative elongation of 0.03. Most likely, this behavior is due to the
lower interaction between the asperity’s peaks of both surfaces and, at the same time, the oil
pockets were large enough to function as an oil reservoir at the contact interface. However,
it can be noted with the increase in relative elongation, that the efficiency of the lubricant of
the strip with an orientation of 0◦, showed a tendency of decreasing its value to a greater
degree compared to the strip with an orientation of 90◦. Most likely, this behavior is due to
the greater uniform stretching of the strip in this particular direction, as shown in Table 2.
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Figure 12. Effectiveness of lubrication (Le-index): (a) BUT test and (b) STT test.
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Additionally, Figure 12a shows that the lubrication efficiency in the STT test compared
to that in the BUT test (Figure 12b) is higher under the same test parameters. The used
lubricant was able to reduce the COF value approximately by 2.6%–13% and 1.8%–10.3% in
relation to the surface roughness of pins, respectively. This behavior can be attributed to
the lower tangential force of the strip over the pin during the STT test. Equations (1) and
(4) also support this conclusion, as the COF decreases with decreasing tangential force or
friction stress. In addition, there is a tendency for the efficiency of the lubricant to present
values very close as the pin roughness increases, denoting that the greater interaction of
the asperities governs the friction. As the lubricant film is very thin, the lubrication regime
tends to be more boundary than mixed.

3.3. Comparative Analysis

Figure 13 shows the average values of the COFs as a function of the tribological test,
pin roughness, and lubrication conditions. It is important to emphasize that the average
values of the COFs obtained in the different tribological tests were calculated and compared
with those obtained in the PoD test, which resulted in greater variations in the standard
deviations. As shown in Figure 13a, the average COF values obtained from the PoD test are
higher than those obtained from formability tests under dry conditions. For the pin with a
roughness of Ra = 0.27 µm, COF values for the PoD, BUT and STT tests are, on average,
0.536, 0.207, and 0.102, respectively. For the pin with a roughness of Ra = 0.54 µm, COF
values are, on average, 0.673, 0.223, and 0.123, respectively.
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Figure 13. Average values of the COFs: (a) dry contact and (b) lubricated contact.

The difference in sample behavior in the PoD test compared to formability tests can
be attributed to two main reasons. Firstly, in the PoD test, there is a much smaller contact
area between the sheet and pin than in the formability tests. Consequently, the pressure
exerted by the pin on the specimen increases, causing a rapid expansion of the real contact
area, which results in a greater frictional resistance [46]. Secondly, in the PoD test, the
pin always slides on the same wear track, and this repetitive cycle causes a portion of the
material adjacent to the wear surface to remain highly deformed and hardened (Figure 7a).
Combined with the wear debris, this behavior caused a significant increase in the COF
value and in wear. However, in the formability tests, the real contact area is spread over
the specimen width (25 mm), and the load is transferred over a larger surface area than in
the PoD test. Furthermore, in the formability tests, the strip slides over the bending pin
surface only once, reducing the effects of the abrasive and adhesive wear mechanisms.
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It can be seen in Figure 13b that the lubricant attenuates friction in both tests. For the
pin with a roughness of Ra = 0.27 µm, COF values for the PoD, BUT and STT tests are, on
average, 0.139, 0.204, and 0.100, respectively. For the pin with a roughness of Ra = 0.54 µm,
COF values are, on average, 0.237, 0.223, and 0.123, respectively. In addition, it is noted
that the lubricant attenuates the difference between the results of the COFs caused by the
sheet texture or surface topography directionality. As a result, the standard deviations
calculated from the average of the values of the COFs with different strip orientations under
lubricated conditions were smaller than those obtained under dry conditions (Figure 13a).
As reported, the friction coefficients obtained with the pins of greater roughness presented
very similar values in both lubrication conditions, denoting that changes in the lubrication
regime governed the tribocontact.

Additionally, as shown in Figure 13a,b, the values of the COFs obtained in the BUT
test are, on average, higher than those obtained in the STT test. These results are in
accordance with those shown in Figures 10 and 11. Ter Haar [47] emphasized that the
high normal pressure between the die radius/sheet (Figure 3b) causes a change in the
lubrication regime. However, in the region between the punch radius/sheet (Figure 3c),
stretching occur around the punch radius, which causes low velocities and high contact
pressures. This leads to severe boundary conditions, which apply only to a small part of
the sheet. However, the topographic variations observed on the surface of the tribological
pair (Figure 14) suggest that the distribution of contact pressure was not uniform during
the formability tests, most likely owing to pressure spikes (Figure 14b). Figura 14a evidence
the presence of wear debris, striations, cracks, and flattened asperities. Figure 14a shows
that the summits of the surface are deformed, creating flattened areas on the sheet surface.
According to Schey [42], the impact of the plowing phenomenon is intensified in these wear
regions, particularly under dry friction conditions when there are favorable conditions for
revealing the scuffing mechanism.
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Figure 14. Image of tribological pair surface: (a) specimen and (b) counter samples (bending pin).

Figure 15 shows the hardness values as a function of tribological test type, pin rough-
ness, and lubrication conditions. The hardness was measured in the section adjacent to
the wear surface. In total, 10 measurements were taken with a load of 0.245 N and a
permanence time of 15 s. In general, the results indicate that the final hardness of the
specimens was greater than their initial hardness. Under dry conditions (Figure 15a), the
hardness measured in the samples submitted to the PoD, BUT, and STT tests increased,
on average, approximately 80%, 54%, and 43%, respectively. However, under lubricated
conditions, the increases were, on average, approximately 76%, 46%, and 31%, respectively.
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This increase can be attributed to the strain hardening mechanism, which in turn results
from the flattening of asperities owing to the high roughness and counter sample hardness.
The lower increase under the lubricated condition in relation to dry is due to the lower
effect of the mechanism of asperities adhesion.
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Figure 15. Average hardness measured below wear surface: (a) dry contact and (b) lubricated contact.

Furthermore, Figure 15a,b shows that the specimen hardness subjected to the PoD
test was higher than that subjected to the formability tests. As emphasized, in the PoD
test, there is a repetitive cycle of the mechanisms of adhesion and plastic deformation
under the same wear track, which is related to the abrasive effect of the wear hard debris,
causing a greater degree of strain hardening mechanism. Thus, the increase in hardness
improved the wear resistance. In this respect, Askoy et al. [48] demonstrated that there
is an approximately linear and increasing relationship between the wear resistance and
microhardness of specimens of ferritic stainless steel AISI 430 containing Nb. Under these
conditions, the asperities exhibit less plastic deformation and promote greater lubricant
retention. This behavior probably mitigated the friction and wear imposed on the specimen,
as shown in Figure 5.

However, as the formability tests were performed, a new contact area of the strip
slid over the pin, reducing the effect of the hardening mechanism, even if an additional
amount of this effect was attributed to bending deformation. In addition, it can be seen in
Figure 15 (BUT and STT tests) that the hardness measured in the specimens that slid under
the greater roughness pin was greater than that obtained with the lower roughness pin. As
discussed, the sliding contact between the surfaces is rougher, causing a greater interaction
between the asperities, and, as a result, the soft asperities are subject to a greater effect of
the strain hardening mechanism. In addition, Figure 15 shows that the hardness measured
in the strips subjected to the BUT test was greater than those subjected to the STT test under
both lubrication conditions. This behavior is attributed to the greater tangential force in
the BUT test, which causes plastic deformation of the asperities. However, when uniform
elongation was achieved in the STT test and the necking phenomenon began to appear, the
deformation was located in the thickness, while the plane and width of the strip were no
longer subject to the plane state of tension and deformation, which certainly attenuated the
effect of the strain-hardening mechanism.

Over the years, researchers and scientists around the world have increasingly sought
to use more accurate COF values in finite element analysis in the pre-production of a part.
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The more the COF value obtained resembles the real process, the better the precision in
manufacturing processes, which minimizes costs, failures, time, and resources consumed
in experimental tests. Bay et al. [18] explained that simulative tests are those that simulate
or model the tribological conditions present in real sheet metal forming processes with
the objective of the study, especially friction, wear, and lubrication in a controlled manner.
For these reasons, simulative tests have gained increasing prominence in manufacturing
processes, mainly because it is possible to change parameters such as sliding speed, contact
pressure, and geometric parameters (e.g., die radius), which are fundamental in the study
of tribological behavior in actual SMF processes.

It is important to emphasize that in addition to the PoD, test simulating the friction
condition experienced by a blank when sliding under the flat region of a drawing die
(circumferential compressive tension), this test continues to be of great relevance for the
understanding and characterization of the mechanisms of friction, wear, and lubrication
in a tribocontact, regardless of the analysis being carried out in a specific region of the
stamped piece.

4. Conclusions

This study investigated the influence of different contact conditions on friction properties of
AISI 430 steel sheets with deep drawing quality. The experimental results show the following:

• Differences observed in the COF value indicate a strong dependence of the friction properties
of the material with the kinematic conditions of the different tribological tests.

• The COF value in the PoD test, under dry conditions, and pin with roughness
Ra = 0.27 µm and Ra = 0.54 µm was approximately 0.536 and 0.673, respectively,
i.e., higher among all the friction conditions investigated. The contact area between
the specimen/pin was much smaller compared to that of the formability tests, and the
normal pressure exerted by the pin on the specimen caused a rapid expansion of the
real contact area, increasing the frictional resistance. Under lubricated conditions, the
COF value was approximately 0.139 and 0.237, respectively.

• In the BUT and STT tests, the COF increased with the increase in relative elongation
due to increased strip roughness. For the pin with roughness Ra = 0.27 µm, the
COF value was approximately 0.207 and 0.102, respectively. However, for the pin
with roughness Ra = 0.54 µm, the COF value was approximately 0.223 and 0.123,
respectively. As a result of the relative elongation, wide and thin ridges were formed
on the strip surfaces subjected to both formability tests, which increased the COF
value and strip surface wear.

• The highest lubrication efficiency of 10.3% and 13% for the BUT and STT tests, respec-
tively, was recorded using the pin with a roughness Ra = 0.27 µm, strip orientation
of 0◦, and relative elongation of 0.03, most probably owing to the lower degree of
flattening of strip asperities, which functioned as an adequate reservoir of lubricant to
the tribocontact.

• The pressure distribution was not uniform at the contact interface between the strip
and pin during the formability tests.

• The hardness measured in the samples submitted to the PoD, BUT, and STT tests
increased, on average, approximately 80%, 54%, and 43% under condition dry, and
76%, 46%, and 31%, under condition lubricated, respectively. This increase can be
attributed to the strain hardening mechanism, which in turn results from the flattening
of asperities owing to the high roughness and counter sample hardness.

• The experimental results of COFs can be used as input data for numerical simulations,
define design guidelines, improve productivity, and improve product quality from
this material.
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