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Abstract: Lubrication is a basic and relatively effective way to reduce friction in sheet metal forming
operations. The drive to eliminate synthetic and mineral oils, which are difficult to recycle, from the
manufacturing process has opened up opportunities for the use of vegetable-based bio-lubricants.
This article presents a comparison of the lubrication performance of two non-edible oils (karanja
and moringa) with the most frequently tested edible oils (sunflower and rape-seed). Deep drawing
quality low-carbon steel sheets DC04, commonly used in the automotive industry, were used as the
test material. Friction tests were carried out under various lubricants and normal pressures in the
range between 3 and 12 MPa using the strip drawing test. Furthermore, a study was also made of the
effect of a change in the surface topography and the mechanical properties of the sheet metal due to
plastic deformation resulting from friction. It was found that under the most favorable lubrication
conditions (sample pre-strain 21%, nominal pressure 6 MPa), karanja oil reduced the coefficient of
friction by approximately 33%. Both non-edible lubricants provided the best lubrication when testing
samples pre-strained at 7% under the whole range of nominal pressures. It was also revealed that in
the case of the smallest pre-straining of the specimens (7%), karanja oil was the most effective within
nominal pressures of 3–6 MPa, while at higher pressures (9–12 MPa), the moringa oil lowered the
value of the coefficient of friction to a greater extent.

Keywords: green lubricants; lubrication; sheet metal forming; steel sheet

1. Introduction

Friction should be understood as a set of phenomena occurring in the area of contact
between two moving bodies. The physical quantity that characterizes the friction force is
the coefficient of friction (COF) [1,2]. In general, friction in sheet metal forming processes
is an unfavorable phenomenon affecting the increase in forming force, reduction in the
surface quality of the drawpiecesm and reduction in the forming limits in conventional
sheet metal processes [3–5] and single point incremental forming [6–8]. COF depends on
several parameters including [9,10] the materials of the friction pair, the friction conditions,
the temperature, the topographies of the tool and workpiece, and the sliding speed. The
most effective way to reduce friction is to use lubricants [11,12]. Due to the different
conditions in which sheet metal forming processes are carried out and the wide range
of properties of deformed materials, the selection of technological lubricants should be
taken into account [13–15] such as the strain rate, the grade of deformed material and tool
material, the range of normal pressures, the surface roughness of the sheet and tool as well
as the forming temperature.

Mineral oils from petroleum refining and synthetic oils are normally usually used
in sheet metal forming plants [16]. Lubricants based on petroleum raw materials are
characterized by favorable operational properties, however, they pose a significant threat
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to the natural environment due to the emission to the environment of harmful products
due to changes arising during use and the necessity of expensive recycling [17,18].

In recent years, due to the tightening of environmental protection legislation, interest in
natural oils as substitutes for petroleum oils has increased due to their favorable operational
and ecological properties. Vegetable oils lead in this respect due to their non-toxicity and
high degree of biodegradation [19]. Compared to mineral oils, vegetable oils possess high
lubricity and a high viscosity index. However, poor oxidative and hydrolytic stability have
been suggested to be the limitations of vegetable oils for their use as lubricants in sheet
metal forming [20]. Vegetable oils also contain minor amounts of waxes, tocopherols, and
phytosterols that affect their quality. These compounds are not regularly analyzed due to
the need for expensive instruments for testing [21].

Over the years, many authors have focused on replacing petroleum oils with their
biological counterparts. Trzepieciński [22] examined the effectiveness of different lubricants
based on a combination of boric acid and edible vegetable oils in the reduction in the COF
of low carbon steel sheets in the strip drawing test. It was found that the addition of
H3BO3 to vegetable oils led to an increase in the lubrication efficiency compared to non-
modified oils. In another paper, Trzepieciński [23] analyzed the COF of deep drawing
quality steel sheets tested with the presence of cotton seed, soybean, palm, sunflower,
linseed, and coconut oils. The analysis of variance showed that an increase in the viscosity
of the oil caused a reduction in the value of the COF. Among all of the bio-based edible
lubricants considered, linseed oil had the most unfavorable properties. Trzepieciński and
Szpunar [24] analyzed the friction properties of Ti–6Al–4V titanium alloy sheets using
bio-degradable (palm and rape-seed) and mineral oils with the addition of boric acid
(5 wt%). It was found that high kinematic viscosity and low density of the oil led to a high
COF. Furthermore, an increase in the density of the lubricant caused a reduction in the
COF. Karthik [25] experimentally tested the feasibility of utilizing pongamia and jatropha
oils as forming lubricants to draw EN AW-6061 aluminium alloy cups. The punch load
under jatropha raw oil was the lowest. However, the maximum draw-in-length was found
with lubrication with raw pongamia oil. Carcel et al. [26] studied the performance of some
vegetable oils (corn, soybean, olive, and sunflower) under boundary lubrication during the
stamping of car body parts from extra deep drawing quality steel sheets. Strip drawing
tests showed that better control of the topography would permit the use of special high
viscosity press oils to be eliminated or allow for the use of vegetable oils with smaller
quantities of additives. Syahrullail and Afifah [27] concluded in their review paper that
vegetable oil had a great potential to replace the currently-used petroleum-based oils.
Shashidhara and Jayaram [28] investigated jatropha and pongamia vegetable oils as metal
forming lubricants when forming drawpieces of 304L steel sheet. Cups drawn under
jatropha oil had a uniform wall thickness profile compared to pongamia oil. It was also
observed that better material flow was noticed when lubricating with vegetable oil, while
early rupture was observed under mineral oil. Więckowski and Dyja [29] investigated the
friction properties of Grade 2 titanium sheets in the strip drawing test when lubricating
using vegetable oils (i.e., olive oil, sunflower oil, and rapeseed oil), with the addition of
boric acid. The results revealed that the use of vegetable oils allowed a reduction in the
COF. A significant reduction in the COF was found compared with commercial mineral oil.
Keshtiban et al. [30] investigated the lubrication efficiency of vegetable oil nano-lubricants
with the addition of SiO2 nanoparticles. The EN AW-2024 aluminium alloy was used as
the test material. The results revealed that the presence of SiO2 nanoparticles in the base
lubricants significantly increased the lubrication efficiency and reduced both the surface
roughness and COF.

Many authors researching the value of COF of deep-drawing steel sheets have focused
on the use of petroleum-based lubricants. Of course, as the literature review has shown,
attempts are being made to use vegetable oils as alternatives to mineral and synthetic
oils. Nevertheless, the vast majority of studies concern edible oils, while in the face of
the growing food crisis (food versus energy debate), more emphasis should be placed
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on non-edible oils of vegetable origin. As a novelty, this article compares the lubrication
performance of two of the most frequently tested non-edible oils (karanja and moringa)
with the most frequently tested edible oils (sunflower and rape-seed). The lubrication
performance of bio-based oils was tested using the strip drawing test, which is commonly
used to test the frictional properties of sheets at the sheet metal-blankholder interface in
sheet metal forming. Moreover, the vast majority of authors have studied the frictional
properties of sheets in the as-received state. At the same time, the sheet topography is
constantly evolving during sheet metal forming. Therefore, to increase the novelty of this
research, studies were also made of the effect of the change in the surface topography and
the work hardening phenomenon due to the plastic deformation on friction.

2. Material and Methods
2.1. Test Materials

Low-carbon cold-rolled DC04 steel sheets were used as the test material. Sheets of
this grade are commonly used in the automotive industry because they are characterized
by very good drawability. The sheet thickness was 0.83 mm. The DC04 steel sheets were
manufactured in accordance with the requirements of EN 10,130:2006 [31]. The mechan-
ical properties of the sheets were determined according to the EN ISO 6892-1:2020 [32]
using the Zwick/Roell Z100 uniaxial tensile testing machine with five repetitions. The
values of yield stress Rp0.2, ultimate tensile strength Rm, and elongation A50 are as follows:
184.2 MPa, 303.9 MPa, and 42%, respectively.

The deep-drawing quality steel sheets showed a strong work hardening effect. There-
fore, the true stress–true strain relations were approximated by the strain hardening (Hol-
lomon) equation σ = K·εn, where σ is the true stress; K is the strain hardening coefficient; ε
is the true strain; and n is the strain hardening exponent. The values of the strain hardening
parameters were K = 489.0 MPa and n = 0.186.

A Vickers hardness tester Qness 60 Evo was used to test the as-received sheet metals
according to the ISO 6507-1:2018 standard [33]. The force applied was 49.03 N. Six indenta-
tions were made and the mean hardness of the as-received material was determined to be
97 HV5. Due to the work hardening phenomenon, the hardness of the as-received material
was changed during pre-straining. Therefore, the Vickers hardness of the pre-strained
samples was also tested.

To analyze the influence of changes in the sheet surface topography caused by plastic
strain on the value of the COF and lubrication efficiency, the as-received specimens were
pre-strained with strains of 7, 14, and 21% (Figure 1). Strips with a length of 205 mm
and width of 20 mm were used for the pre-straining test. For friction testing using a strip
drawing test, samples in the form of strips with a length of 130 mm were cut out from the
pre-strained sheet metals (Figure 1).
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The topographies of the specimens in the as-received state (Figure 2) and after pre-
straining were measured using a T8000RC profilometer in accordance with the requirements
of the ISO 25,178 standard [34]. The main surface roughness parameters of the DC04 steel
sheet in the as-received state were as follows: Sq = 2.29 µm, Ssk = −0.022, Sku = 2.70. The
surface topographies of the specimens after the friction tests were also measured.
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Figure 2. The topography of the specimen surface in the as-received state.

The morphology of the specimens subjected to friction tests was examined using a
scanning electron microscope (SEM) MIRA 3 TESCAN equipped with a Schottky field
emission gun.

Countersamples for the friction test were fabricated from 145Cr6 cold-worked tool
steel with a hardness of 215 HV10. The roughness parameters of the countersamples
were as follows: Sa = 0.636 µm, Sq = 0.81 µm, Ssk = −0.544, Sku = 3.76, Sp = 4.89 µm,
Sz = 10.0 µm, Sv = 5.11 µm.

2.2. Friction Test

The flat die strip drawing test used in the research consisted of pulling a sheet metal
strip between two countersamples with flat surfaces. The test apparatus (Figure 3) consisted
of a body that was mounted in the lower holder of the Zwick/Roell Z100 uniaxial tensile
testing machine. One of the countersamples was placed in the body of the device and was
fixed. The second countersample waas seated in the guide plate sliding on the surface of
the leader pins. The task of the leader pins was to ensure that the rubbing surfaces of the
counter samples were parallel. A Kistler type 9345B force sensor was positioned between
the guide plate and the body wall to measure the normal force. The pulling force was
measured by the measuring system of the Zwick/Roell Z100 tensile testing machine.
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LabVIEW software integrated with a force sensor was used to record the clamping
force of the countersamples. Both forces (clamping FC and pulling FP) were correlated in
the LabVIEW program. Then, the COF was determined according to the relationship:

µ =
Fp

2FC
(1)

The tests were carried out in conditions of dry friction and lubrication of the sheet
surface with two types of edible vegetable oils (sunflower and rape-seed) and two types of
non-edible vegetable oils, karanja obtained from Millettia pinnata and moringa squeezed
from Moringa oleifera seeds. The basic physical properties of the oils are shown in Table 1.
A glass capillary kinematic viscometer was used to determine the kinematic viscosity of
the oils according to ISO 3105:1994 [35]. The density and flash point were taken from the
product specification sheets provided by the manufacturers. The strip drawing test was
used to simulate friction conditions occurring in the sheet metal-blankholder interface in
the conventional deep drawing processes. In this region of the tools, the pressures did
not exceed 10–12 MPa. Too much pressure could stop the sheet from moving from the
sheet-metal blankholder region into the punch interaction zone, and thus cause the sheet to
break prematurely. Therefore, the tests were carried out for the following nominal pressures
of 3, 6, 9, and 12 MPa.

Table 1. The basic physical properties of the tested oils.

Oil Kinematic Viscosity, mm2/s Density, g/cm3 Flash Point, ◦C

Sunflower 58 0.920 319.1

Rape-seed 51 0.914 314.0

Moringa 73 0.897 268.5

Karanja 75 0.936 212.0

3. Results and Discussion

The value of the COF decreased with increasing nominal pressure in the range between
3 and 12 MPa (Figure 4). A similar trend of decreasing COF with increasing pressure was
also observed by various researchers [36–40]. It was observed that in terms of relatively
small normal pressures, the friction force does not change in proportion to the normal
force. This is due to the occurrence of small plastic deformations of the surface asperities.
Therefore, apart from the resistances related to the resistance to friction, the friction force
also included resistance to plastic deformation of the summits of the surface roughness. It
is known from tribological principles that the actual contact area of solid friction increases
with an increase in the normal load. Since the magnitude of the increase in friction force is
smaller than the increase in the normal load, the COF decreases with increasing normal
load [40]. Due to this mechanism, friction in sheet metal forming differs from friction in
kinematic pairs, where the friction of two materials of the same or similar strength occurs.
In sheet metal forming, the cooperation of two bodies takes place, one of which is very
hard (tool) and the other of which exhibits much lower strength.

As expected, the COF value was highest under the dry friction conditions (Figure 4).
It was also clear that, in general, the moringa and karanja oils achieved the lowest friction
values. The results obtained confirm that the lubricating film of the oils that were tested
was not broken within the nominal pressures investigated. Breakage of the lubricating
film was accompanied by an increase in the value of the COF due to the dominance of
metal-to-metal contact. Depending on the characteristics of the materials of the friction pair,
the properties of oils and the value of pressures, the increase in the value of the COF due to
film breakage may be of a greater or lesser character [41,42]. Previous investigations [22]
on friction testing of the DC04 steel sheet using traditional and edible oils have shown that
heavy-draw 1150 oil provided the best lubricating properties. Machine oil LAN-46 and
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deep-drawing mineral lubricants qualitatively reduced the friction to the same level as
sunflower oil. In addition, the tendency for the coefficient of friction to the change value
during lubrication was the most stable with this oil over a wide range of values of applied
pressure. Rape-seed oil was the most effective vegetable lubricant.
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The effectiveness of the lubricant used was assessed on the basis of a comparison of the
COF obtained under lubrication conditions and under dry friction conditions, introducing
the coefficient of lubrication efficiency (CLE):

CLE =
COF (dry friction)− COF (lubricated conditions)

COF (dry friction)
× 100% (2)

Figure 5 shows the changes in the CLE depending on the nominal pressure and
lubricant type. Under the most favorable lubrication conditions, karanja oil reduced the
COF by approximately 33% (Figure 5c). The lubrication efficiency of sunflower oil ranged
between approximately 6 and 19%, 3.5 and 14.9%, and 12.9 and 23.9%, for the specimens
pre-strained at 7% (Figure 5a), 14% (Figure 5b), and 21% (Figure 5c), respectively. Under
the same conditions, the lubrication efficiency of rape-seed oil was between 10.5 and
23.4% (Figure 5a), 6.5 and 13.8% (Figure 5b), and 10.5 and 24.9% (Figure 5c). Non-edible
oils showed the best efficiency in the whole range of pressures examined when testing
samples pre-strained at 7% (Figure 5a). A similar situation occurred during the friction
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of pre-strained samples at 21% (Figure 5c), but only in the nominal pressure range of
6–12 MPa.
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To better understand the mechanism of influence of a given lubricant on the COF
value, the effect of nominal pressure on the CLE is presented separately for all of the oils
tested in Figure 6. All of the oils tested showed a similar effect of lowering the frictional
resistance depending on the degree of pre-straining of the samples. Under conditions of dry
friction of the samples pre-strained with the lowest degree of deformation (7%), an initial
decrease in the CLE value was observed followed by its continuous increase in the largest
nominal pressures (Figure 6a,b). Similarly, the curves of the lubrication efficiency of sheets
pre-deformed to the value of 14% showed a certain minimum, after exceeding which the
value of the CLE started to increase. The position of the minimum value of the CLE depends
on the degree of pre-straining of the sheet. The sheet deformation causes an increase in the
area of valleys in the surface topography due to the stretching of the bearing profile [5,40].
Additionally, plastic deformation of the sheet changes the mechanical properties of the
sheet material through the work hardening effect. Increasing the hardness of the material
of the metal sheet is strongly related to the strain hardening curve (Figure 7). The harder
the plate, the less susceptible it is to ploughing and flattening mechanisms [2,13]. Thus,
under normal pressure, the surface asperities of the pre-strained sheets are less prone to
deformation under pressure. Limiting the real contact area in sheet metal forming processes
is very beneficial since it minimizes metal-to-metal contact. The lubrication efficiency of oils
was different in the case of the highest degree of the pre-straining of specimens (red lines in
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Figure 6) when compared to the pre-strained sheets at 7 and 14%. After an initial increase
in the value of the CLE, its value declined for the highest value of nominal pressure.
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At low nominal pressures, even under lubrication conditions, the highest summits of
the roughness flatten and interpenetrate with the summits of the tool surface. In addition,
due to high asperities, the lubricant is not able to build up sufficient hydrostatic pressure
in closed lubricant pockets. It should be emphasized that the sheet deformed with a pre-
strain degree of 21% showed a greater hardness than the other two types of pre-strained
specimens considered. After the contact surface stabilized with a normal pressure increase,
the lubricant entrapped in closed lubricant pockets [43,44] (as a result of the increase in
normal load) generated an appropriate pressure that could effectively separate the rubbing
surfaces. Unfortunately, such a situation lasts only up to a certain pressure value, above
which intensive mechanical flattening of the summits of asperities begins to dominate,
reducing the volume of the closed lubricant pockets (Figure 8).
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Lubrication in sheet metal forming is closely related to the volume of the lubricant
pockets resulting from the plastic deformation of the sheet and the interaction of the surface
asperities of the tool. The sheet topography is constantly evolving during forming. This
effect can be attributed to the formability of the sheet material [45,46]. Formability is the
property of metals determining the ability of a given metal workpiece to undergo plastic
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deformation without being damaged [47]. The formability of sheet metals is not only
dependent on the type of material [48] and the forming temperature [49], but also on the
method by which the load that is applied causes deformation [50]. Moreover, cold rolling
has a detrimental effect on the formability of sheet metals [51]. The plastic deformation
capacity of metallic sheets is subject to certain limits, and if these are exceeded, the material
could experience fracture [52]. Forming limit diagrams (FLDs) are the most appropriate
tools to describe the formability of sheet metals [53]. FLDs represent the formability limits
in the coordinate system of major and minor principal strain [54,55]. When the limit
of deformability is reached, the material breaks up and the drawpiece is destroyed [56].
Therefore, it is very important to learn the limit of deformability since this permits the
precise design of the plastic forming processes of metals and alloys so that they can be
carried out without decohesion of the material [57,58]. It should be emphasized that the
deformation value that can be achieved in the technological process may not only be limited
by the deformability of the material, but also by the phenomena of the loss of stability
(preceding the decohesion process), the strength of the forming tools or other phenomena
(e.g., related to friction on the contact interface of the tool with deformed material). Among
the many methods of evaluating the drawability of sheet metals developed by, among
others, Duncan, Engelhardt, and Gross, Olsen, Fukui, Guillera, Avera, and Jovignot, the
Erichsen method [59] conducted according to the ISO 20,482 standard [60] is the most
common. In this method, the value representing the susceptibility of the sheet metal to
drawing is the depth to which a ball or spherical punch with a diameter in the range of
3–20 mm, selected depending on the thickness of the sheet, is pressed into a specimen until
a crack appears in it.

The process of sheet deformation in the as-received state caused an increase in the
arithmetical mean height Sa of the sample surfaces. The value of the arithmetical mean
height Sa showed a tendency to decrease in relation to the sample not subjected to the
friction process (nominal pressure 0 MPa in Figure 9a,b). At the highest pressure, in
addition to flattening (Figure 10), a ploughing mechanism was revealed, which consisted
in the formation of scratches (Figure 11) as a result of the impact of the highest asperities
of the roughness of the hard tool. This effect was visible for strain hardened sheets with
a deformation degree of 7 and 14% (Figure 9a,b). The specimen pre-strained with a
deformation degree of 21% was too hard to show the grooving effect of the sheet metal
surface, so in the case of lubricated conditions, the value of the Sa parameter decreased in
the range of nominal pressures between 6 and 12 MPa (Figure 9c).

The arithmetical mean height is commonly used and provides a very good overall
description of height variations, but it is not sensitive to small changes in profile and it
does not give any information on the wavelengths. Sedláček et al. [61] showed that in
the case of friction in the lubrication regime, skewness and kurtosis are more appropriate
to describe the tribological phenomena occurring during sheet metal forming. Moreover,
Wang et al. [62] found that kurtosis and skewness had a great effect on the contact pa-
rameters of mixed lubrication, which dominates in sheet metal forming. Apart from the
arithmetical mean height, kurtosis and skewness are the parameters most frequently used
to describe the surface roughness of sheet metals in industrial practice [63]. Therefore, the
variation of both skewness and kurtosis are presented in Figures 11 and 12. The friction
process changed the value of the skewness parameter from positive to negative (Figure 11).
Negative Ssk indicates a predominance of sharp valleys and rounded peaks (Figure 13)
due to the friction process. It is clear that with an increase in the amount of pre-straining,
the sheet metal puts more resistance to flattening the summits of the asperities, especially
when the nominal pressure is greater than 6 MPa.

Kurtosis Sku describes the probability density sharpness of the profile. For surfaces
with low peaks and low valleys, kurtosis amounts to less than 3, and for surfaces with
high peaks and low valleysm it is more than 3 [61,64]. Specimens pre-strained with 7% of
deformation showed a kurtosis of more than 3 in most of the conditions tested (Figure 12).
There was a clear relation between the degree of pre-straining and skewness. As the
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nominal pressure increased, the sheet was more resistant to the production of low peaks
and low valleys caused by friction.

An interesting relationship, confirmed for all degrees of pre-strain, was observed for
dry friction. First, the kurtosis was slightly decreased for a nominal pressure of 3 MPa
(as for all lubrication conditions investigated), then it increased, and then decreased again
after exceeding the pressure of 9 MPa. Therefore, after the initial flattening of the peaks
of the roughness, the highest surface asperities of the hard tool mechanically affected the
tool, which caused scratches on the sheet surface and the creation of high peaks and low
valleys, especially in dry friction conditions (Figure 14). If the nominal pressure was large
enough (p = 12 MPa in Figure 12a,b), the contact area of the tool with the sheet increased,
thus further limiting flattening of the surface roughness profile and bringing the surface
asperities to a normal distribution. As can also be seen in Figure 11c, lubrication had the
least effect in changing the skewness for the specimens pre-strained at 21%. The deviation
of the strip drawing test results was the smallest for all of the nominal pressures and friction
conditions (Figure 12c).
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4. Conclusions

This paper investigated the effect of nominal pressure and bio-lubricant type on the
value of the COF of the DC04 steel sheets determined in the strip drawing test. Based on
the research results, the following conclusions can be drawn:

• The value of the COF decreased with increasing nominal pressure in the range of
pressures considered between 3 and 12 MPa.

• In general, the moringa and karanja oil-based bio-lubricants achieved the lowest COF
values. The results obtained showed no breakage of the lubricating film during the
friction process within the nominal pressures analyzed.

• Under the most favorable lubrication conditions, karanja oil reduced the COF by
approximately 33% (sample pre-strain 21%, nominal pressure of 6 MPa). Both non-
edible lubricants provided the best lubrication during testing: (i) samples pre-strained
at 7% in the whole range of nominal pressures, and (ii) samples pre-strained at 21%
within the nominal pressures between 6 and 12 MPa. In the case of the smallest
pre-straining of the specimens, karanja oil was the most effective within the nominal
pressures of 3–6 MPa, while at higher pressures, the moringa oil lowered the COF
value to a greater extent.

• The lubrication efficiency of the sunflower and rape-seed oils ranged between approxi-
mately 6 and 23.4%, 3.5 and 14.9%, and 10.5 and 24.9%, for the specimens pre-strained
at 7%, 14%, and 21%, respectively.

• The lubrication efficiency of oils was different in the case of the highest degree of
pre-straining of specimens (21%) when compared to the pre-strained sheets at 7 and
14%. After an initial increase in the value of the CLE, its value declined for the highest
value of nominal pressure.

• The value of the Sa parameter showed a tendency to decrease in relation to the sample
not subjected to the friction process. In addition to flattening, a ploughing mechanism
was revealed at the highest pressure, which consisted in the formation of scratches as
a result of the impact of the highest asperities of the roughness of a hard tool.

• It was found that with an increase in the amount of pre-straining, the sheet metal put
more resistance to flattening the summits of the asperities, especially when the nominal
pressure was greater than 6 MPa. Pre-strained specimens at 7% of deformation showed
a kurtosis of more than 3 in most of the tested conditions.

• The negative values of skewness confirmed that as the nominal pressure increased,
the sheet was more resistant to the production of low peaks and low valleys caused
by friction.

Author Contributions: Conceptualization, T.T.; Methodology, T.T., M.S. and K.S.; Software, M.S. and
K.S.; Validation, T.T., M.S. and K.S.; Investigation, T.T., M.S. and K.S.; Data curation, T.T., M.S. and
K.S.; Writing—original draft preparation, T.T.; Writing—review and editing, T.T., M.S. and K.S. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.



Lubricants 2022, 10, 210 16 of 17

References
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Wrocławskiej: Wrocław, Poland, 2011.
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63. Sedlaček, M.; Podgornik, B.; Vižintin, J. Influence of surface preparation on roughness parameters, friction and wear. Wear 2009,

266, 482–487. [CrossRef]
64. Gadelmawla, E.S.; Koura, M.M.; Maksoud, T.M.A.; Elewa, I.M.; Soliman, H.H. Roughness parameters. J. Mater. Process. Technol.

2002, 123, 133–145. [CrossRef]

http://doi.org/10.1016/j.triboint.2017.05.007
http://doi.org/10.1016/S0007-8506(07)60419-3
http://doi.org/10.1016/j.procir.2012.07.087
http://doi.org/10.1007/s12289-008-0215-9
http://doi.org/10.3390/met9080853
http://doi.org/10.1007/s40544-021-0542-0
http://doi.org/10.1051/mfreview/2014022
http://doi.org/10.1016/j.cirp.2012.03.126
http://doi.org/10.1016/j.ijmecsci.2016.11.022
http://doi.org/10.1016/j.jmapro.2021.09.019
http://doi.org/10.1243/09544054JEM1430
http://doi.org/10.1038/s41598-022-13694-0
http://doi.org/10.3390/ma12091493
http://www.ncbi.nlm.nih.gov/pubmed/31071942
http://doi.org/10.3390/ma12071051
http://doi.org/10.1080/2374068X.2020.1731229
http://doi.org/10.5545/sv-jme.2010.140
http://doi.org/10.1016/j.triboint.2005.03.018
http://doi.org/10.1016/j.wear.2008.04.017
http://doi.org/10.1016/S0924-0136(02)00060-2

	Introduction 
	Material and Methods 
	Test Materials 
	Friction Test 

	Results and Discussion 
	Conclusions 
	References

