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Abstract

In this study, we investigated the tribological properties of various additives (lubricity,
friction modifiers, anti-wear and extreme pressure) in a highly volatile paraffinic base
oil formulated for stamping applications, using a newly developed methodology for
tribological testing. The investigation focused on the short-term (10 cycles) and long-term
(10,000 cycles) effects of the different additive mixtures on friction and wear behaviour.
It was found that the performance of the additive mixtures evolves with sliding time,
which is due to changes in contact conditions: the transfer of the Fe film from the steel
sheet to the WC-Co surface increases the contact area, which in turn leads to a significant
reduction in contact pressure and changes the activation of tribofilm formation. The
presence of tribofilms influences the amount and size of the contact area and reduces the
adhesion between the contact surfaces. Among the conventional additives, sulphurised
additive mixtures show stable performance under both short and long-term conditions,
while more aggressive chlorinated additive mixtures perform well in the short term, but
their performance decreases with prolonged sliding. Importantly, the additives with a
decreasing environmental impact outperformed the conventional additives under long-
term conditions: the less harmful phosphorus-based mixture outperformed the sulphurised
mixtures in terms of wear properties, while the performance of environmentally acceptable
polyol ester was particularly encouraging, exhibiting the lowest friction coefficient (~0.11,
compared with ~0.12 for S-oil and 0.14 for S-ester) and the second lowest wear coefficient
(~1.1 × 10−1 mm3/Nm compared with ~1.5 × 10−1 mm3/Nm for S-ester). Overall, the
polyol ester reduced the coefficient of friction by approximately 8 to 21% compared to
sulphurised additive mixtures, and its wear coefficient was also about 27% lower.

Keywords: stamping; steel sheet; additives; friction; wear; Fe-transfer film; P-based additives;
S-based additives

1. Introduction
Stamping is one of the most basic and widely used manufacturing processes for the

mass production of components in various industries. It involves a series of metal-forming
operations, each of which contributes to the complexity of a single stamping cycle, often
involving multiple contact points—including the punch, die, blank holder, and other
elements [1–3]. These operations usually take place under very demanding conditions,
such as high contact pressures and sliding speeds, localised temperature peaks, and high
shear rates. As a result, there is often high friction at the tool–sheet interface and severe
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tool wear, which ultimately reduces the service life of dies and tooling [4,5]. The use of
appropriate lubrication technology has been shown to effectively mitigate these issues and
extend tool life [6–8].

In recent years, increasingly stringent national and international regulations for the
use of high-performance lubricants in metal forming (Metalworking fluids—MWFs) have
increased the demand for continuous tribological evaluation of new, more sustainable, and
environmentally acceptable lubricants, including base fluids and additives. This task is
particularly complex, as it requires not only the integration of environmentally acceptable
lubricants and novel materials, but also a deep understanding of their interactions with
the contact surfaces under a range of operating conditions, including varying pressures
and temperatures, as different additives are activated under different tribochemical condi-
tions [9–12]. In addition, the development of reliable laboratory test methods tailored to
these evolving systems is required.

Despite the growing interest in sustainable lubrication, many of the most effective conven-
tional MWFs still rely on additives containing sulphur, phosphorus, and chlorine—components
known for their environmental impact [13]. Chlorinated paraffin oils, for instance, are still
used to prevent galling [14], especially in certain regions where the medium- (C14–C17)
and long-chain (>C18) variants have not yet been discontinued [15]. Although numerous
studies have investigated environmentally acceptable MWF formulations, most have fo-
cused on specific metal-forming processes [13,14,16–22] and have often overlooked the
unique tribological requirements of stamping processes, which require highly customised
lubricant solutions due to the individual nature of these operations [23].

Existing tribological studies on stamping lubricants have primarily focused on fully
formulated lubricants [24–26], while investigations on base components, such as pure base
fluid [27] or fluids with a single additive, are relatively scarce. Moreover, most of these
studies examine only one formulation at a time—either the specific additive mixture or
a single fully formulated fluid—leaving a gap in comprehensive analyses that compare
different additive types (e.g., lubricity, extreme pressure and anti-wear additives, and
friction modifiers) and their distinct (specific) functions and effects. Experimental evalua-
tions are typically conducted using either standard lab-scale devices, such as the four-ball
tester [28] or the pin-on-disc tribometer [5,13,29–32], or with customised and bench-type
setups intended to better replicate real-scale applications [4,5,13,18,22,25,33–38]. However,
none of these approaches (methods) are specifically adapted to the conditions encountered
in punching stamping. Conventional lab-scale tribology tests often fail to simulate the
high contact pressures (pin-on-disc), rapid single-pass deformation, and the reciprocating
motion of the tools that are typical of stamping operations [39]. These tests are based on re-
peated sliding over the same surface and unidirectional movement, which lead to different
surface conditions and wear mechanisms than those seen in punching stamping [40]. On
the other hand, customised and bench-type tests (e.g., strip-draw or cup-draw) provide a
better simulation of forming processes, but they are mainly designed for drawing and do
not fully capture the specific tribological demands of punching and blanking. Moreover,
they are costly, have limited throughput, and often do not provide control over critical
parameters such as temperature and localised tool–workpiece interactions.

To address these limitations, in our recent work we developed a reliable lab-scale
methodology based on a 10,000 cycle reciprocating sliding test on a model tribological
device [41]. This method enabled clear differentiation in friction and wear performance
between base fluids, fully formulated MWFs, and mixtures with individual additives
under conditions that were representative of stamping. The differences in friction became
apparent after just 10 cycles and continued to increase with further testing, while differences
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in wear became significant only after 10,000 cycles. In that study, these results were used
exclusively for the development and validation of the testing methodology.

In this study, we apply this methodology to investigate the tribological performance of
different additives in MWFs over both short-term (10 cycles) and long-term (10,000 cycles)
operation. The aim is to elucidate the mechanisms responsible for these differences and
to determine whether environmentally acceptable additives can match or surpass the
performance of conventional sulphurised and chlorinated additives under the conditions
of punching-stamping operations. To achieve this goal, we used a reciprocating sliding
tribometer, scanning white light interferometry, scanning electron microscopy, and energy
dispersive X-ray spectroscopy.

2. Materials and Methods
2.1. Specimens and Lubricants

To study the effect of different additives on lubrication performance in the punching-
stamping production process, the electrical steel and WC-Co were selected as contact
materials used in real punching-stamping operations. The electrical steel was commercially
available (Isovac 800–65 K, Voestalpine, Linz, Austria) in the shape of sheets with a thickness
of 0.65 mm and Sa roughness of 1.5 µm. In addition to Fe as a balance, the metal sheet also
contains 0.037% of C, 0.179% of Si, 0.306% of Mn, 0.035% of P, 0.006% of S and 0.064% of
Al. The countersurface (acting as a punching tool) was WC-Co ball (ISO K40, Meusburger,
Wolfurt, Austria), with a diameter of 10 mm and Sa roughness of 10 nm, and consists of
86.6% WC and 11.8% Co.

The base lubricant was a highly volatile paraffinic oil (Isopar-M, Exxon Mobil, Houston,
TX, USA) with a kinematic viscosity of 1.14 mm2/s at 25 ◦C, which was used as a reference
lubricant (further denoted in text and figures as ‘Base’). Such base oils are commonly
employed in steel-sheet stamping because they evaporate readily after stamping, leaving
the surfaces free of residues and eliminating the need for additional cleaning. To this base
lubricant, different types of commercially available stamping additives were introduced at
2 wt.% and stirred for at least two hours to achieve homogeneity of oil-additive mixtures. In
this way, 8 different oil-additive mixtures were prepared. The additives used are reported
in Table 1, along with the labels used later in the text and figures. Additives were selected in
a wide range, in terms of their type (see Table 1), as well as in terms of their environmental
impact (from environmentally acceptable additives like esters to conventional ones based
on sulphur and chlorine). The viscosity of the oil-additive mixtures is slightly higher
compared to the reference base lubricant (Base): namely, from 1.44 to 1.66 mm2/s at 25 ◦C.

2.2. Tribological Tests

Tribological tests were performed on a reciprocating sliding tribometer (Bruker, Bil-
lerica, MA, USA), using electrical steel sheet—WC-Co ball contact configuration. Testing
conditions were selected to simulate contact conditions similar to those in real punching-
stamping operations: normal load of 185 N (resulting in the initial Hertzian contact pressure
of 3.3 GPa and thus, plastic deformation of the steel sheet), sliding speed of 0.05 m/s, stroke
length of one cycle of 10 mm and temperature of 25 ± 2 ◦C. Two different lengths of
tribological tests were employed, namely with 10 cycles and with 10,000 cycles [42]. In
this way, we simulated the initial (10 cycles), and long-term (10,000 cycles) effects of the
additives studied. During testing, the studied lubricants (base oil and oil-additive mixtures)
were supplied into the contact in small, manually pulsed doses (20 µL), ensuring consis-
tent lubrication with a limited quantity of lubricant, which is characteristic of metal-sheet
stamping. At least three repetitions were performed for each combination of the lubricant
type and number of cycles. During the tribological tests, the coefficient of friction was
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measured continuously, and the steady-state value and standard deviation of the coefficient
of friction are reported in the Section 3.

Table 1. Additives used in this study.

Additive Label Type of
Additive *

S/Cl/P
Content (wt%)

Biodegradability/
Aquatic Toxicity

Environmental
Impact

Hydrolytically stable
monoester

(Croda)
Bioester Lub 0 B/low

Unsaturated polyol partial
ester

(Croda)
Polyol ester FM 0 B/low

Polyalkylene glycol
(Croda) PAG Lub 0 NS/low

Polymeric phosphite ester
(Dover Chemicals) P-ester AW, EP P = 4.5 NR/NS

Sulphurised
methyl ester

(Dover Chemicals)
S-ester Lub, EP S ≈ 10, without

active sulphur NS/NS

Sulphurised lard oil
(Dover Chemicals) S-oil EP S ≈ 10–11, with

active sulphur NS/NS

Long-chain (more than 21 C
atoms) chlorinated alkane

(Dover Chemicals)
Cl-alkane-L EP Cl ≈ 45–50 NR/high

Medium-chain (C14-16)
chlorinated alkane
(Dover Chemicals)

Cl-alkane-M EP Cl ≈ 40 NR/high

* FM—Friction Modifier, AW—Anti-Wear Additive, EP—Extreme Pressure Additive, Lub—Lubricity Additive.
B—Biodegradable, NS—Not stated, NR—Not readily biodegradable. S—Sulphur, Cl—Chlorine, P—Phosphorus.

2.3. Surface Analyses

After the tribological tests (10 cycles and 10,000 cycles), both contact surfaces (electrical
steel sheet and WC-Co ball) were analysed to evaluate the effect of the additives studied on
the wear properties, by employing two different surface analysis techniques. The scanning
white light interferometry (SWLI, Bruker—ContourGT-K0, Bruker, Billerica, MA, USA) was
used to determine the wear volume of the steel sheets and, subsequently, to calculate the
wear coefficient. The wear coefficient, k, was calculated according to Archard’s equation:
k = V/(F·s), where V is the wear volume, F is the applied load, and s is the total sliding
distance. The wear volume was determined by multiplying the average cross-sectional area
of the wear track by its length. For each wear track, the cross-sectional area was measured
using scanning white light interferometry (SWLI) in three different positions, and the
average value was used to calculate the wear volume. For each additive mixture, three
independent wear tracks were analysed. On the other hand, there was no wear observed
on the WC-Co balls, but only the Fe transferred films from the steel sheet and tribofilms
within the contact area. For this reason, the surfaces of WC-Co balls were analysed with a
scanning electron microscope (SEM) (JEOL JSM IT100, JEOL, Tokio, Japan), utilising both
SED and EDS detectors. For each additive mixture, EDS analyses were conducted on at
least three distinct regions within the contact area. In this paper, we report the results from
the region considered the most representative.

3. Results
3.1. Friction

Figure 1 presents the steady-state coefficients of friction after 10 cycles (Figure 1a) and
10,000 cycles (Figure 1b). After 10 cycles (Figure 1a), noticeable differences already emerge
between additive mixtures. In addition, all additives reduce the coefficient of friction
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compared to the pure base lubricant. The lowest values are observed for mixtures with
S-oil (~0.10) and S-ester (~0.11), followed by the mixture with P-ester (~0.12). Mixtures with
completely organic additives—polyol ester, PAG, and bioester—have similar coefficients of
friction as the mixtures with chlorinated additives (Cl-alkane-L and Cl-alkane-M): namely,
around 0.13.

Figure 1. Steady-state coefficient of friction after (a) 10 and (b) 10,000 cycles.

After 10,000 cycles (Figure 1b), the differences in friction become more pronounced and
the performance ranking changes notably. The mixture with polyol ester, an environmentally
acceptable additive, exhibits the lowest coefficient of friction (~0.11), followed by the mixtures
with sulphurised additives: S-oil (~0.12) and S-ester (~0.14). A mixture with P-ester shows a
moderate increase to ~0.15. In contrast, both mixtures with chlorinated additives—traditionally
considered highly effective under extreme stamping conditions—perform less favourably.
Friction stabilises at ~0.17 for Cl-alkane-M and ~0.18 for Cl-alkane-L—values like those
of the bioester mixture (~0.18). The worst performance was observed for the mixture
with the PAG additive, which fails under these severe conditions, and reaches ~0.86 after
10,000 cycles—comparable to the pure base lubricant.

3.2. Wear

After 10 cycles (Figure 2a), there are no clear differences in the wear coefficient be-
tween the additive mixtures or the base lubricant. The differences become clear after
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10,000 cycles (Figure 2b), where the lowest wear coefficient was observed for the mix-
ture with P-ester (~0.9 × 10−1 mm3/Nm), followed by the mixture with polyol ester
(~1.1 × 10−1 mm3/Nm). Mixtures with sulphurised and chlorinated additives exhibit
similar anti-wear properties, with the wear coefficient ranging from ~1.3 × 10−1 mm3/Nm
for Cl-alkane-M to ~1.5 × 10−1 mm3/Nm for S-ester. Lubricity additives (bioester and
PAG) show the poorest anti-wear performance, with a particularly high wear coefficient
observed for PAG (~19.0 × 10−1 mm3/Nm).

Figure 2. Wear coefficient of the steel sheet after (a) 10 and (b) 10,000 cycles.

3.3. Surface Analysis

Figure 3 shows SEM images of the contact area on a WC-Co ball after the 10 and
10,000 cycle tests with the base lubricant. Panel (a) provides a low-magnification view
of the overall contact area, while panel (b) offers a high-magnification view highlighting
representative surface morphology, and panel (c) presents the corresponding EDS analysis
of the selected regions in (b). Notably, an Fe transfer film was observed after only 10 cycles.
This film appears smooth and aligned with the sliding direction. After 10,000 cycles, both
the contact area and the Fe transfer film increase significantly. The film’s morphology also
changes—it becomes multilayered and significantly rougher than the smoother film seen
after only 10 cycles.
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Figure 3. SEM images of the contact area on the WC-Co ball after 10 and 10,000 cycle tests in the
presence of base lubricant at (a) lower and (b) higher magnification, and (c) the corresponding EDS
analyses on the marked areas in (b).

Figure 4 shows SEM images of the contact area on a WC-Co ball after a 10 cycle
test in the presence of different additives mixtures. Panel (a) shows a low magnification
view of the entire contact surface, while panel (b) provides a high magnification view
highlighting the representative surface morphology, and panel (c) shows the corresponding
EDS analysis of the selected regions in (b). Only a mixture with the S-oil additive was
able to prevent the transfer of the Fe film to the WC-Co ball. Similar protection of the
contact surfaces was also achieved with the mixture with the S-ester additive, as only a
small portion of the contact area was covered with a small amount of the Fe transfer film
(~2 wt%). In contrast, for all other additive mixtures, a much larger part of the contact area
was covered with the Fe transfer film, which has a similar morphology to that after the
10 cycle test in the presence of the base lubricant, i.e., a uniform coverage with orientation
in the sliding direction. It is noteworthy that small amounts of sulphur (S) were found in
both mixtures with sulphurised additives (S-oil and S-ester), indicating the formation of
a protective tribofilm. In contrast, no or only very small amounts of phosphorus (P) and
chlorine (Cl) were found in the case of mixtures with P-ester and chlorinated additives.
These observations are consistent with the best available protection against the transfer of
the Fe film in the case of the two mixtures with sulphurised additives.

Figure 5 shows SEM images of the contact area on a WC-Co ball after a 10,000 cycle test
in the presence of different additive mixtures. Panel (a) shows a low magnification view of
the entire contact surface, while panel (b) shows a high magnification view, highlighting the
representative surface morphology, and panel (c) shows the corresponding EDS analysis of
the selected regions in (b). For all additive mixtures, the Fe transfer film was observed on the
WC-Co ball, with the iron content generally decreasing as additive severity increases. The
two environmentally acceptable mixtures, containing bioester and polyol ester additives,
produce thick, Fe-rich stripes (80–93 wt%), although significant amounts of iron can also
be detected outside of these regions (7–19 wt%). A mixture with the PAG additive has
the largest contact area covered with a significant amount of Fe transfer film (81–90 wt%),
reflecting both the morphology and the Fe content of the base lubricant (as seen in Figure 3).
A mixture with the P-ester additive results in a uniform Fe transfer film over the entire
contact area, with abundant wear debris. Phosphorus (P) was also detected over the
entire contact area, indicating a well-distributed film formed by the additive. Mixtures
with sulphurised additives (S-oil and S-ester) exhibit Fe film characteristics and a similar
surface morphology to the most environmentally acceptable additives (bioester and polyol
ester), but with lower iron concentrations (around 50–60 wt% on thick stripes/islands),
and significantly less iron outside these regions (~6–10 wt%). The detection of sulphur
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(S) confirms the formation of an additive-derived tribofilm, although less uniformly than
with P-ester. Mixtures with chlorinated additives behave differently: Cl-alkane-L forms
Fe-rich islands (>70 wt% Fe) only at the edge of the contact area, whereby chlorine (Cl) was
also detected on these islands. A minimal concentration of iron (<5 wt%) and no chlorine
was observed outside those islands. In contrast, the mixture with the Cl-alkane-M additive
shows a low overall amount of iron (~10 wt%), but a very high amount of iron (>70 wt%)
on sharp wear particles within the contact area. Chlorine was detected on the entire contact
area, indicating a more evenly distributed additive-derived tribofilm.

 
Figure 4. SEM images of the contact area on the WC-Co ball after 10 cycle tests in the presence of
different additive mixtures at (a) lower and (b) higher magnification, and (c) the corresponding EDS
analyses on the marked areas in (b). The arrow indicates the order of the additives according to their
environmental impact.



Lubricants 2025, 13, 446 9 of 14

Figure 5. SEM images of the contact area on the WC-Co ball after 10,000 cycle tests in the presence of
different additive mixtures at (a) lower and (b) higher magnification, and (c) the corresponding EDS
analyses on the marked areas in (b). The arrow indicates the order of the additives according to their
environmental impact.

4. Discussion
In this work, we present a comprehensive study on the effects of different additive

types in metalworking fluids (MWFs), including lubricity, extreme pressure, anti-wear, and
friction modifier additives. The focus is on understanding their specific functions and how
they influence tribological performance under varying conditions. The detailed effects of
these additives are discussed in the following subsections.
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4.1. Short vs. Long Term Effect

The differences between the short-term (10 cycles) and long-term (10,000 cycles) be-
haviour of the additive mixtures on tribological properties (compare Figures 1a,b and 2a,b)
can be largely attributed to a significant increase in contact area (compare Figures 4a and 5a),
which in turn leads to a reduction in contact pressure. To explicitly show the differences in
contact area between short-term and long-term tests, the contact area values were extracted
from Figures 4a and 5a and are jointly reported in Table 2. The increase in contact area
arises from the high deformability of the steel sheet and the transfer of an Fe film from the
steel sheet to the WC-Co ball. The presence of this Fe film ultimately determines the size of
the contact area.

Table 2. Contact areas with Fe transfer films on WC-Co ball after 10 and 10,000 cycles.

Lubricant Area 10 Cycles
(10−7 m2)

Area 10,000 Cycles
(10−7 m2)

Base 5.5 81
Bioester 2.6 35

Polyol ester 2.0 19
PAG 3.5 85

P-ester 2.5 16
S-ester No Fe-film * 17
S-oil No Fe-film * 19

Cl-alkane-L 2.3 19
Cl-alkane-M 2.4 16

* Initial Hertzian contact area was 0.8 × 10−7 m2.

Different type of additive mixtures require different tribochemical conditions (con-
tact pressure, temperature, and shear stresses) to activate and form protective surface
tribofilms [9–11]. Friction modifiers typically activate under milder contact conditions
(lower temperatures and contact pressures) than anti-wear additives, and significantly
milder conditions than EP additives [9–11,43–45]. The formation of these tribofilms under
varying tribochemical conditions was found to affect the rate and amount of the Fe transfer
film to the WC-Co counter surface.

After 10 cycles, the Fe transfer film was either absent or negligible for mixtures with
sulphurised additives (S-oil and S-ester, Figure 5), indicating no significant change in
the initial contact area and contact pressure. Other additive mixtures exhibited more
substantial Fe transfer, with resulting contact areas of about 2.0–2.7 × 10−7 m2, which are
an order of magnitude larger than the initial Hertzian contact area (Table 2). This led to
a substantial reduction in contact pressure. A slight deviation was observed for the PAG
additive, which produced a larger contact area of around 3.5 × 10−7 m2 and thus, a greater
reduction in contact pressure. These variations contributed to differences in the coefficient
of friction, but not in the wear coefficient. After 10 cycles, the amount of the Fe transfer
film is apparently not yet sufficient to significantly increase the adhesion with the steel
sheet and so to enhance its wear. Namely, the differences in contact area between different
additive mixtures remained under a factor of two (Table 2). The lowest coefficient of friction
was observed for the mixtures with sulphurised additives, followed by the mixtures with
P-ester, polyol ester, and chlorinated additives, and the others, in that order. The lowest
coefficient of friction observed for both sulphurised additive mixtures aligns with the
absence of an Fe transfer film. This absence is likely due to a protective tribofilm formed
under high initial contact pressure (~3.3 GPa), as evidenced by the sulphur detected on
the WC-Co surface (Figure 4). In contrast, although a chlorine-based tribofilm is present in
the case of the Cl-alkane-L additive mixture (Figure 4), it fails to prevent Fe-film transfer
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onto the WC-Co surface. Moreover, EDS analysis suggests that the tribofilm forms on the
pre-existing Fe film—only after the Fe film has transferred.

After the 10,000 cycle test, Fe transfer film was observed for all additive mixtures
(Figure 5). At this stage, the contact areas were an order of magnitude larger than after
the 10 cycle test, and two orders of magnitude larger than the initial Hertzian contact area
(Table 2). The differences between additive mixtures became more pronounced, i.e., by
more than a factor of four. This further reduced the contact pressure and changed the
ranking of additive effectiveness in terms of friction and wear performance.

The polyol ester, classified as a friction modifier, generally operates most effectively
under lower pressure conditions. Accordingly, after 10,000 cycles—when the pressure
had significantly decreased—it exhibited a lower coefficient of friction than after 10 cycles:
in fact, the lowest among all tested mixtures (Figure 1). This additive also provided
strong surface protection, as evidenced by its relatively small contact area (Table 2), which
corresponded to the second-lowest wear coefficient (Figure 2).

On the other hand, the Cl-alkane-M additive, which is considered the most aggressive
additive and typically performs well under high-contact pressure conditions, no longer
provides the same level of protection after long-term use, resulting in a significant increase
in the coefficient of friction (from 0.130 to 0.167). A similar coefficient of friction value
was also obtained in other studies using MWFs for cutting applications [12], as well as its
increase with the number of cycles [36].

Finally, the friction and wear properties of the steel sheet/WC-Co tribological pair
are governed primarily by adhesion rather than abrasion. This predominance results from
the boundary lubrication regime and the material contrast between the very hard, smooth
WC-Co and the rougher, softer steel sheet. Tribofilms formed by different additive mixtures
have two critical roles: (i) the formation of tribofilm on the WC-Co surface to prevent or at
least reduce the transfer of the Fe film, either by minimising its extent or by confining it to
smaller areas, and (ii) the formation of the tribofilm on the transferred Fe film, which at
least partially decreases the adhesion between the WC-Co and the steel sheet surfaces.

4.2. Conventional vs. Environmentally Acceptable Additive Mixtures

The long-term effects of additives on tribological properties are of crucial importance,
because only after prolonged use can the actual performance of each additive be evaluated
in terms of protecting the WC–Co surface against the Fe transfer film in WC–Co/steel sheet
contacts. This has a direct impact on both the quality of the stamped products and the
lifetime of the WC–Co stamping tools.

Our study showed that mixtures containing sulphur-based additives performed
equally well in terms of wear (Figure 2b), and even better in terms of the coefficient
of friction (Figure 1b) compared to mixtures with more aggressive chlorinated additives
(Cl-alkane-M and Cl-alkane-L). In addition, the sulphurised mixtures also provided a better
WC–Co surface morphology after the test (Figure 5). In particular, the Fe transfer film
formed with the sulphurised additives was more rounded in shape and did not consist
of sharp wear particles, as observed with the Cl-alkane-M additive. Such sharp particles
could have a negative impact on product quality, further emphasising the advantage of
sulphurised additive mixtures. Overall, these results confirm that sulphurised additives,
which are already widely used as substitutes for chlorinated paraffins [9,46], represent an
appropriate and effective choice for current industrial applications. Nevertheless, it should
be noted that sulphurised additives occupy a middle position on the environmental impact
scale of lubricant additives [9] (Table 1), which makes the search for more environmentally
acceptable alternatives desirable.
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In this regard, our results show that the mixture containing the P-ester additive, which
is less harmful than sulphurised additives, exhibited significantly better wear proper-
ties and equally favourable friction properties compared to S-oil and S-ester mixtures
(Figures 1b and 2b). This result suggests that phosphorus-based additives are a promising
replacement for sulphurised formulations. Particularly encouraging is our observation that
an environmentally acceptable polyol ester additive mixture can compete directly with
sulphurised mixtures. In the long-term tests, the polyol ester achieved the lowest coefficient
of friction (Figure 1b) and the second lowest wear coefficient (Figure 2b). The morphology
of the Fe transfer film in this case was also very similar to that produced by the sulphurised
additives, underpinning its potential as a sustainable and effective lubricant additive.

5. Conclusions
1. The changing contact conditions can either enhance or weaken (diminish) the effec-

tiveness of additives, depending on their type, in forming protective tribofilms. Such
tribofilms serve two primary roles: (i) reducing the transfer of the Fe film to WC–Co,
either by limiting its extent or confining it to smaller regions, and (ii) decreasing
adhesion between the WC–Co and the steel sheet surfaces.

2. Sulphurised additives (S-oil and S-ester) perform well under both short- and long-term
conditions, in contrast to the more aggressive chlorinated additives (Cl-alkane-M and
Cl-alkane-L), whose performance deteriorates significantly as contact pressure decreases.
Although chlorinated additives are typically used as high-pressure additives under
extreme stamping conditions, they are among the less effective additives in this study.
After 10,000 cycles, mixtures containing chlorinated additives exhibited a coefficient of
friction of ~0.18, ~29 to 50% higher than that of sulphurised additive mixtures (~0.14 S-
ester and ~0.12 S-oil). Their wear coefficient of ~1.3 × 10−1 mm3/Nm, however, was
~13% lower than that of sulphurised additive mixtures (~1.5 × 10−1 mm3/Nm).

3. The P-ester additive outperformed both types of sulphurised additives in terms of
long-term wear resistance, as the wear coefficient was ~0.9 × 10−1 mm3/Nm, which
is approximately 40% lower than that of the sulphurised additive mixtures.

4. Among the environmentally acceptable additives, polyol ester demonstrates the best
overall tribological performance. After 10 cycles, its effectiveness is only slightly lower
than that of the sulphur-based additives. However, after 10,000 cycles, the polyol
ester mixture achieved the lowest coefficient of friction and the second lowest wear
coefficient. The coefficient of friction of ~0.11 was ~8 to 21% lower than that of the
sulphurised additives, while the wear coefficient of ~1.1 × 10−1 mm3/Nm was ~27%
lower. These results highlight the strong potential of polyol ester formulations as safe
and effective multifunctional alternatives to conventional additives.
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L.Č. and M.P.; writing—original draft preparation, L.Č.; writing—review and editing, L.Č., M.P.
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