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Abstract: In this work, we evaluated the effect of the counter-body material (the same or dissimilar) and contact
configuration (moving or stationary body), at similar contact tribological conditions, on the tribochemical
and nanotopography characteristics of adsorbed surface films. Zinc dialkyldithiophosphate (ZDDP), the best
performing anti-wear additive, was used in self-mated steel/steel and DLC/DLC contacts, which were compared
with mixed steel/DLC and DLC/steel contacts in 1-h and 6-h sliding tests. The macroscale (tribometer) and
nanoscale (atomic force microscopy) friction, thickness, topography, and chemical (attenuated total reflection-
Fourier transform infrared spectroscopy and X-ray photoelectron spectroscopy) properties of the tribofilms
were studied. The results revealed unexpectedly large differences in all the studied tribofilm parameters; this is
because all the tribofilms are completely different; this includes the chemical composition, which is known to
have a crucial effect on the nano- and macro-scale tribological properties. These results clearly demonstrate that
the surface material, additives, and common contact operating parameters, that is, pressure, velocity, and
temperature, crucially affect the ZDDP tribofilm as well as the position of the moving or stationary surface
within the contact, and the material of the moving/stationary bodies.

Keywords: dithiophosphate (ZDDP); diamond-like carbon (DLC); steel; tribofilm; tribochemistry; nano-friction;
thickness; topography

1 Introduction applications, it is necessary for them to be tailored

and adapted to conventionally formulated lubricants.

Diamond-like carbon (DLC) coatings possess superior
properties such as chemical inertness and high hardness,
which result in superior tribological properties [1-3].
This makes them an excellent material for application
in the most demanding contact conditions, typically
in dry or boundary lubricated conditions, where
low friction and durability are crucial. Automotive
applications are paramount examples of this. However,
prior to the introduction of DLC coatings in automotive

Among the many additives in automotive lubricants,
zinc dialkyldithiophosphates (ZDDPs) are one of the
most significant one, providing low wear and durability
of the engine components.

Accordingly, ZDDPs are some of the best-performing,
and therefore, most extensively studied additives
for automotive applications [4]. Many studies have
evaluated the interactions between DLC coatings and
lubricants that contain ZDDP [5-12]. Despite this, the
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lubrication mechanism of DLC with the ZDDP additive
is still not well understood. Furthermore, because of
the ever-more-stringent environmental restrictions,
there is a requirement to replace the ZDDP in lubricants
with alternatives [13]; therefore, understanding ZDDP-
based DLC lubrication mechanisms is urgent.

For metallic surfaces such as steel, it is well known
that under sliding conditions, ZDDP forms thick,
pad structures of gradually structured layers: a zinc
polyphosphate layer in the upper part, and iron
and zinc thio(phosphate) at the lower part [14-17].
The formation of this tribochemical film increases the
surface roughness, and consequently, the coefficient of
friction (COF) when compared to base oils [4, 18, 19].
However, on significantly less reactive DLC surfaces,
ZDDP forms weakly adhered boundary films. Based on
previous reports [5-7], the properties and tribochemistry
of these films vary considerably and are considerably
less clear than those of steel surfaces. One reason for
this may be the many types of DLC coatings, with
only variations in the C or H contents, and even more
when doped, for example, with Si, Ti, and W/WC,
where the properties of the ZDDP tribofilm could
vary and affect these surface properties, as previously
reported by Refs. [5-11, 20-23]. Moreover, in some
studies, ZDDP tribochemical films were detected on
DLC coatings [5-10, 24, 25], whereas no tribofilm was
observed in some other cases [20, 26].

No study has evaluated the contact configuration,
that is, the change of the tribofilms, their properties, and
tribochemistry, when in dissimilar-material contacts
different materials, are set as stationary or moving
bodies. In this study, we evaluate the contacting
surfaces as they are exposed to tribological contact
for different time, which affects their interfacial tem-
perature, shearing conditions, formation of the tribofilm,
and overall tribological behavior. This phenomenon was
found to be very pronounced for polymers, for example,
polyamide in mixed contacts with steel [27].

It is also unclear how the tribofilms in self-mated
steel or DLC contacts differ from the tribofilms in
dissimilar contacts of steel and DLC. It is known that
in DLC/DLC contacts, the tribofilms are very limited,
poor, or even do not exist, whereas when DLC is
in contact with steel, these films are more obvious
and easier to observe [5-12, 20, 21, 24, 25, 28-30].

Nevertheless, a systematic and comprehensive
evaluation of the effect of the counter body and contact
configuration on the ZDDP-based DLC tribofilm
formation, that is, whether DLC or steel is moving or
stationary in contact, has not been reported.

In this study, we evaluate the influence of various
contact configurations with hydrogenated DLC coating
and steel that were lubricated with ZDDP-additivated
oil on the nanoscale friction, tribofilm properties
(thickness, topography, and chemical structure) and,
in turn, the overall macroscale tribological behavior of
the evaluated contacts. For this purpose, four contact
configurations were studied: steel/steel, DLC/DLC,
DLC/steel, and steel/DLC. After 1-h and 6-h sliding
tests that also reveal the changes during the tribofilm’s
development over time, both contacting surfaces were
analyzed by atomic force microscopy (AFM) and scan-
ning white-light interferometry (SWLI) to determine
the total tribofilm thickness and morphology, whereas
attenuated total reflection-Fourier transform infrared
(ATR-FTIR) spectroscopy and X-ray photoelectron
spectroscopy (XPS) were employed to evaluate the
tribofilm’s chemical structure.

2 Experimental
2.1 Materials

Standard discs from AISI 52100/100Cr6 bearing
steel (@ =24 mm) with a hardness of 850 HV and Ra
roughness of 0.01 um were prepared by polishing
and grinding using differently graded sandpapers
and abrasive discs. Balls from the same material with
diameters of 10 mm were used as purchased, without
any mechanical treatment. Some of these samples
were coated with an approximately 1-pm-thick
amorphous and hydrogenated DLC coating, with
sp’/(sp® + sp?) ratio of 35%—40%. The hydrogen content
was 30%. The coating is hereinafter referred to as
the DLC coating. The coating adhesion was improved
by two interlayers, namely the Ti- and Si-based
interlayers. The DLC coating was deposited using
plasma-assisted CVD from Oerlikon Balzers, Limoges,
France. The hydrogenated DLC coating was selected
because some of the previous studies showed that it
possesses very good tribological behavior, better than
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doped coatings [31]. After the coating deposition, the
surface roughness did not change by any notable extent
compared to the initial values of the steel samples.
The measured characteristics of the coated surfaces
and substrates are listed in Table 1.

We used a primary zinc dialkyldithiophosphate,
commercially available from Lubrizol (Derby, UK)
and 1 wt% solution of ZDDP in Group IV synthetic
oil, PAO6.

2.2 Tribological tests

The tribological tests were performed on a CETR
UMT II tribometer (now Bruker, USA) with a stationary
ball on a moving disc with reciprocating geometry
(hereinafter referred to as the stationary and moving
bodies), as shown in Fig. 1. Four different contact
configurations were evaluated: DLC/DLC, steel/steel,
stationary DLC against moving steel (denoted DLC/
steel contact), and stationary steel against moving DLC
(denoted steel/DLC contact). The tests were performed
at 100 °C and a normal load (Fy) of 10 N corresponding

Table 1 Surface roughness of bare steel surfaces and those
coated with DLC.

Steel DLC
Parameter
Disc Ball Disc Ball
Roughness, Ra 5 1, 13 138204 68+12 11.6+15
(nm)
Hardness (GPa) 8.3 251[29]
Thermal
conductivity 59 1-2
(W/(mK))
Specific heat
460 970
(J/(kgK))
Density (kg/m’) 7,850 2,340
Fn
Stationary

- ¢

=TT

Fig.1 Schematic of ZDDP tribofilm formation during tribological
test with reciprocating geometry using a stationary ball on a
moving disc. The tests were performed at 100 °C and a normal
load (Fy) of 10 N.

to 1 GPa of Hertzian maximum pressure. To evaluate
the time evolution of the ZDDP tribofilm, two different
sliding time were used: 1 and 6 h, which correspond
to 36,000 and 216,000 cycles, and sliding distances of
360 and 2,160 m, respectively. The average sliding
velocity in the contact was 0.1 m/s, which ensured
the boundary lubrication conditions, according to the
lambda value of 0.08.

The characteristic COF for each contact configuration
was determined as the average COF when the steady-
state sliding condition was reached. Each test was
repeated at least three times to obtain statistically
relevant results, and the mean value of the repeated
experiments with * one standard deviation of the
mean value was reported.

2.3 Tribofilm analysis

After the sliding tests, all the specimens were carefully
rinsed using n-heptane to remove the excess lubricant
before analysis. Two series of tribological samples for
each contact configuration were prepared. The first
series was used to analyze the surface topography,
lateral force mapping (LFM), surface coverage, and
tribofilm thickness using AFM. After the AFM analyses,
the tribofilm was removed by an EDTA disodium salt
solution to determine the wear of the moving surfaces
by SWLI and optical microscopy. The second series of
the tribological samples was chemically analyzed by
ATR-FTIR and XPS.

231 AFM

The topographical and lateral force analyses of both
surfaces in contact were performed in contact mode
using a commercial atomic force microscope (CP-II,
Bruker, USA). Silicon cantilevers with a thickness of
3 um and a spring constant of 0.9 N/m were used. The
radius of the tip was 9 nm, to a maximum of 12 nm.
The scan rate was in the range of 0.5-1.5 s, which
varied with the scan size. Topographic and LFM
images with scan sizes of 5 um x 5 um and 10 um x
10 um were obtained. Larger scan sizes (i.e., 20 pm x
20 pm and 50 pm x 50 pm) were also used to determine
the surface coverage and roughness. Topographic
and LFM images inside and outside the wear track
were obtained by analyzing at least four different
locations, which helped obtain statistically representative
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results. The topographic images were analyzed using
AFM ProScanl.9 image-analyzing software.

The tribofilm regions were determined by comparing
the topographic images with those of the lateral force.
The latter provides information regarding the variation
in the frictional force on the sample surface owing to
surface inhomogeneity, which enabled us to distinguish
the tribofilm regions from those of the bare substrate.
The darker LFM image contrast indicates lower
friction.

The thickness was determined using a vertical cross-
section analysis along several selected lines, where
several vertical differences between the substrate’s
and tribofilm’s region were measured, as shown in
Fig. 2. The mean values of the measured tribofilm
thickness with + one standard deviation of the mean
value for each contact configuration are reported.

The surface coverage (SC) was determined from the
topographic (height) images as follows:

5C= A 100% 1)

A

where A, is the projected surface area of the tribofilm
and A is the entire scanned area. A, was measured
using ProScanl.9 Data Acquisition image-analyzing
software, where the tribofilm’s regions were determined
by a function of excluding the height with the help of a
histogram. Further, a comparison of the topographic
images with the LFM images was used to effectively
distinguish the tribofilm’s regions from those of the
substrate.

2.3.2 SWLI

After the AFM analyses, the tribofilm was locally
removed from the wear track on the moving surfaces

for all the four contacts to measure the wear of the
moving surfaces. According to a procedure described
in Ref. [32], a single droplet of 0.1-M EDTA disodium
salt, mixed in distilled water, was placed on the wear
track for a maximum of 3 min and then wiped off
with a tissue paper. The wear was measured using an
SWLI microscope (ContourGT-K0, CA, USA) in the
vertical-scanning-interferometry mode.

2.3.3 ATR-FTIR

The IR spectra were obtained using an ATR-FTIR
spectrometer from Perkin Elmer with a diamond ATR,
at an incidence angle of 45°. The penetration depth
of the IR radiation was approximately 1 um, which
provides information on the average molecular
structure over the entire depth of the tribofilm. The
spectra were obtained in the wavelength range of
4,000-450 cm™. The 1,800-2,500 cm™ region is not
shown because it is a result of the crystal noise.
Additionally, 54 scans at a resolution of 4 cm™ were
collected for all the spectra. Prior to the test, the
crystal was cleaned with deionized water and dried
with a clean cloth. Before measuring the spectrum of
the evaluated surface, the background was acquired
with the crystal without the sample to ensure that no
traces of the solvent remained on the surface of the
crystal. The spectrum of the bare surface (steel or DLC)
was subtracted from the spectrum of the surface after
sliding, to ensure that only the peaks from the tribofilm
were present.

234 XPS

In contrast to FTIR, which penetrates the film,
XPS has a better surface sensitivity and gives the
composition results of approximately 5 nm of the
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tribofilm from the outer surface. The XPS measurements
are thus complementary to the FTIR results for the
penetration depth. The XPS measurements were
performed using a PHI-TFA XPS spectrometer (Physical
Electronics, USA) equipped with an Al-monochromatic
X-ray source and a 16-channel hemispherical electron
energy analyzer. Two types of spectra were measured
on the analyzed samples: the wide energy range spectra
for the quantification of the surface composition, and
the high energy resolution spectra for the identifi-
cation of the chemical bonds. The latter were obtained
with an energy resolution of 0.6 eV measured on the
Ag 3ds, spectrum. Owing to possible charging of
the analyzed surface, the XPS spectra were aligned
on the energy scale to the C 1s peak at 284.8 eV
originating from the C—C/C-H bonds. The XPS spectra
were measured outside and inside the wear tracks.
The photoelectrons emitted from the surface were
collected at an emission angle of 45° with respect to
the sample surface. High energy resolution spectra
were deconvoluted using the combined Gaussian
(80%—95%)/Lorentzian (20%-5%) model curves using
the Multipak software program.

3 Results
3.1 Tribological tests

Figure 3(a) shows the characteristic COF after 1-h
sliding for all the four contact configurations in the
base oil and in the presence of the ZDDP solution. It
can be observed that ZDDP affects the friction behavior
of the four contacts differently. The highest COF was
obtained in the case of steel/steel, followed by the
steel/DLC, and then the DLC/steel and DLC/DLC
contacts, for which the two COFs were practically
the same.

After 6-h sliding, the COF variation between the
evaluated contacts increased as the films became
steadier (Fig. 3(b)). For the steel/steel, DLC/ steel, and
steel/DLC contacts, the COF increased by approximately
25%, 2%, and 24%, respectively, whereas it decreased
for the DLC/DLC contact by approximately 20%. The
different friction behavior of the DLC/DLC contact
could be attributed to the absence of steel material.
Namely, DLC/DLC is the only contact that exhibits
opposite behavior, that is, the reduction of friction,
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Fig.3 COF for all four contact configurations in base oil and
solution of ZDDP after (a) 1-h and (b) 6-h sliding. Arrows indicate
the moving surface.

compared to the increase in friction in the other
three contacts with at least one steel surface. This
can be because of the lower reactivity and adhesion
of lubricants to DLC compared to steel, which is
observed in most of the literature.

A remarkable observation drawn from the tribological
tests is the different friction behaviors of the mixed
contacts, that is, the DLC/steel and steel/DLC contacts.
First, the contacts differ in terms of the magnitude
of the COF, which is lower for the DLC/steel contact,
by approximately 3% after the 1-h test and by as
much as 25% after the 6-h test. Second, the DLC/steel
contact exhibits a higher COF with ZDDP than with
the base oil, similar to the two self-mated contacts,
namely steel/steel and DLC/DLC. In contrast, for the
steel/DLC contact, the COF is lower with the ZDDP
than with the base oil, regardless of the sliding time.

3.2 Tribofilm thickness

Figure 4(a) shows the mean value of the tribofilm
thickness on static, moving, and both (total) contacting
surfaces for all the four contact configurations after
1-h sliding. In the case of steel/steel, the tribofilm’s
total thickness was approximately 170 nm. It is worth
noting that the tribofilm’s thickness on the stationary
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Fig. 4 Mean tribofilm thickness for all four contact configurations
after (a) 1-h sliding and (b) 6-h sliding.

surface was considerably lower than that on the
moving surface, approximately 40 nm vs. 130 nm.
For the DLC/steel contact, the stationary DLC surface
had a smaller tribofilm thickness than the moving
steel surface, and was very similar at 40 nm. This
resulted in a smaller total tribofilm thickness than in
the steel/steel contact, which was approximately
150 nm. This difference can be attributed to the presence
of DLC in the contact, which has a considerably lower
surface reactivity than steel. Although there was a
similar thickness of approximately 50 nm on the DLC
surface, this could indicate some overall changes in
the properties of the tribofilm. The third contact, steel/
DLC, in which stationary steel was used against the
less-reactive moving DLC surface, resulted in a very
thick film of approximately 195 nm on the stationary
steel surface and a very thin film on the moving
DLC, of approximately 15 nm. The measured total
tribofilm thickness was even higher than that in the
steel/steel contact (210 nm). Finally, in the case of the
DLC/DLC contact, the total tribofilm thickness was
the lowest among the studied contact configurations,
at approximately 85 nm; this was probably because
of the low reactivity of both contacting surfaces. The
measured tribofilm thickness was approximately 35
and 50 nm for the stationary and moving bodies,

respectively. Therefore, similar to the steel/steel and
DLC/steel contacts, the tribofilm thickness on the
moving surface was higher than that on the stationary
one.

After 6-h sliding (Fig. 4(b)), it was observed that
for the contacts in which steel was used as a moving
surface (steel/steel and DLC/steel), the tribofilm
thickness on both contacting surfaces increased in
comparison to the case of the 1-h tests. In the steel/
steel contact, the total tribofilm thickness increased
to approximately 330 nm, that is, by approximately
94%, whereas in the DLC/steel contact, it increased to
approximately 270 nm, that is, by approximately 80%.
However, in the contacts in which the DLC was used
as a moving surface (steel/DLC and DLC/DLC contacts),
the tribofilm thickness on both contacting surfaces
decreased in comparison to the case of the 1-h tests.
For the steel/DLC contact, the total tribofilm thickness
decreased to approximately 150 nm (by approximately
30%) and for the DLC/DLC contact to approximately
65 nm (by approximately 24%).

Additionally, it was observed that the stationary
body possesses a smaller thickness than the moving
one, which is true for the 1-h and 6-h sliding
experiments. The only exception is the steel/DLC
contact.

Figure 5 shows the optical images of the wear
tracks on the moving surfaces for all the four contact
configurations after the tribofilm removal with the
chelating agent disodium salt of EDTA. The measured
height profiles across the cleaned region of the worn
and unworn surfaces are also presented below the
optical images.

It is clear that the tribofilm was completely removed
from the wear trace on the DLC surfaces, irrespective
of the contact configuration. In contrast, for the steel
surfaces, dark regions, corresponding to the tribofilm,
remained on the surfaces after cleaning. This indicates
that the interactions between the surface and ZDDP
additive are considerably weaker for the DLC coating.
However, the height profiles show that in the case of
all the contacts, and the wear was within the range of
the surface roughness.

3.3 Surface topography and lateral force (nano
friction) mapping

Figure 6 shows the topographic images of the
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Fig.5 Optical images of wear tracks on moving surfaces for all four contact configurations after cleaning with EDTA disodium salt
solution. Profiles below the images were measured using scanning white-light interferometry across the cleaned region of the wear track.

stationary and moving surfaces before the tribological
tests. The polishing marks are clearly visible on all the
surfaces.

Figure 7 shows the topographic and corresponding
LFM images for the steel/steel contact configuration
after 1-h and 6-h sliding experiments. It is evident

Steel DLC
F:
e
P
2
©
&
b
2
g
>
)
=
Fig. 6 Topographic images of steel and DLC without any

lubricating film.

TSINGHUA
UNIVERSITY PRESS

that after 1-h sliding, both the stationary and moving
surfaces were completely covered with several layers
of the tribofilm. The tribofilm’s structure is uniform
along all the layers on both contacting surfaces; this
is observed from the absence of the LFM contrast
between the individual layers. The brighter contrast
observed at the edges of the layers/islands in the
LFM signal is attributed to variations in the surface
topography. By increasing the sliding time to 6 h, the
tribofilm disintegrated into smaller islands of different
shapes (a pad-like structure) on both the stationary
and moving surfaces. Such evolution of the film
morphology with the sliding time may result from a
combination of mechanical action and changes in the
composition of the oil solution owing to thermo-
oxidative decomposition [15].

In the DLC/steel contact (Fig. 8), the stationary
DLC surface was only partially covered with unevenly
distributed, elongated islands of the ZDDP tribofilm
after 1-h sliding. As the sliding time increased to
6 h, larger inhomogeneous patches were observed,
with the surface coverage increasing from appro-
ximately 22% after 1-h sliding to 58% after 6 h. In
contrast, the surface of the moving steel body was
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1h
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Moving steel

Topography
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Fig. 7 Topographic and corresponding LFM images of stationary steel and moving steel surfaces for the steel/steel contact configuration

after 1-h and 6-h sliding.

1h

6h

Stationary DLC : Moving steel

Stationary DLC Moving steel

Topography

LFM

Fig. 8 Topographic and corresponding LFM images of stationary DLC and moving steel surfaces for DLC/steel contact configuration

after 1-h and 6-h sliding.

almost completely covered with the film after 1 h,
and the morphology was different from that on the
stationary surface. Large islands of the tribofilm
disintegrated into smaller ones with longer sliding
time, and the surface coverage remained practically
the same.

By comparing the topographic and LEM images, it
is clear that on the LFM images, the tribofilm regions
on both surfaces appear darker, regardless of the
sliding time, indicating that these regions have a lower
nano-friction than that of the uncovered surface.

Figure 9 shows the topographic and corresponding
LFM images of the stationary steel and moving
DLC surfaces after 1-h and 6-h sliding. After 1 h, the
stationary steel surface was similar to both surfaces
in the steel/steel contact configuration, completely
covered with a tribofilm composed of multiple layers.
In contrast, the film on the stationary DLC surface
consisted of very thin and flat islands. The film
coverage on the surface of the moving DLC surface
was high, that is, approximately 88%. As the sliding
time increased, the film coverage remained practically
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unchanged for both contacting surfaces, measuring
approximately 96% and 86% for the stationary and
moving surfaces, respectively. With a longer sliding
time, the films on both contacting surfaces disintegrated
into smaller islands.

By comparing the topographic and LFM images of
the moving DLC surface, the following observations
were made: On the LFM images, the tribofilm regions
appear bright, indicating that they exhibit higher
nano-friction properties than the substrate. This is the
opposite of the observation made for the tribofilm

on the moving steel surface in the DLC/steel contact
configuration, and could indicate that the film formed
had a different chemical structure.

Figure 10 shows the topographic and corresponding
LFM images taken on the stationary and moving DLC
surfaces after 1-h and 6-h sliding.

The coverage of both contacting surfaces remained
practically unchanged with an increase in the sliding
time. It changed from approximately 86% to 90%
and 64% to 70% for the stationary and moving DLC
surfaces, respectively.

1h

6h

Moving DLC

Stationary steel

Stationary steel Moving DLC

NG

Topography

LFM

Fig. 9 Topographic and corresponding LFM images of stationary steel and moving DLC surfaces for steel/DLC contact configuration

after 1-h and 6-h sliding.

1h

6h

Stationary DLC Moving DLC

Stationary DLC

Topography

LFM

Fig. 10 Topographic and corresponding LFM images of stationary and moving DLC surfaces for DLC/DLC contact configuration
after 1-h and 6-h sliding. Full and dashed arrows indicate low- and high-friction regions, respectively.
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Similar to the case of the mixed steel/DLC contact
configuration, the tribofilm formed on the stationary
DLC surface exhibits a brighter LFM contrast and
hence, higher nano-friction than the uncovered
substrate, regardless of the sliding time. In contrast,
the tribofilm formed on the moving DLC surface
appears darker than the regions of the uncovered
substrate, indicating lower nano-friction properties
of the tribofilm regions (similar to the case of the
DLC/steel contact).

3.4 Chemical structure of the tribofilm
3.4.1 ATR-FTIR

Figure 11 shows the IR spectra of both contacting
surfaces for all the four contact configurations after
1-h and 6-h sliding. The red dashed and full curves
in the spectra correspond to the tribofilms formed on

the stationary surfaces, whereas the blue dashed and
full curves correspond to the tribofilms on the moving
surfaces after 1-h and 6-h sliding, respectively.

For the self-mated steel/steel contact, the peaks found
on the stationary steel surface after 1-h sliding
corresponded to poly(organo)phosphates ((PO,>),/
O=P(OR);), alkyl sulfide (C-S), zinc oxide (Zn-O),
and alkyl species (CH,/CH,) (red dashed curve in
Fig. 11(a)). The strong absorption bands measured
in the 900-1,300 cm™ region, with a maximum at
approximately 1,100 cm™, can be attributed to the
P=0 bond of the phosphate species [33-35]. The band
at 990 cm™ is related to the asymmetric stretching of
the P-O-R bond of the organophosphorus compounds,
for example, O=P(OR); [35, 36]. The two bands
appearing at 935 and 740 cm™ result from the
asymmetric and symmetric stretching vibrations of
the P-O-P bonds [31, 35], which could be attributed
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to the presence of poly(organo)phosphate compounds.
The band at approximately 600 cm™ is assigned to
the C-S bond that could belong to organic sulfide
compounds [35, 37], whereas the band at appro-
ximately 550 cm™ could belong to the Zn-O bond
[38—40]. The bands at 2,967, 2,923, and 2,848 cm™ were
assigned to the asymmetric stretching vibrations of
CH; and CH,, and the symmetric stretching vibration
of the CH; bonds, respectively [35, 41, 42]. The two
peaks at 1,458 and 1,378 cm™ correspond to the
deformation vibrations of CH;/CH,, and the symmetric
deformation of the CH; bond, respectively [35, 41-43].
With prolonged sliding, all the compounds were
similar, but had higher intensity (red full curve,
Fig. 11(a)), indicating the growth of all the species
in the tribofilm; particularly, an increase in the chain
length of the poly(organo)phosphate. The chemical
structure of the tribofilm on the moving steel surface
differs from that on the stationary steel surface, as can
be observed from the shift of the P=O peak towards
higher wavenumbers (from 1,086 to 1,173 cm™) as well
as the change in the peak shape [33-35] (blue dashed
curve in Fig. 11(a)). Based on previous literature, the
frequency of the P=O stretching vibration is affected
by the number of electronegative substituents directly
bonded to it [35]. This could signify the presence of
different numbers of bonded oxygen atoms in the
poly(organo)phosphate structure (PO,>),../(O=P(OR)s),),
and therefore, the presence of a different phosphate
mixture. Additionally, alkyl, organic sulfide, and zinc
oxide species were found on the moving steel surface.
After 6-h sliding (blue full curve in Fig. 11(a)), all the
species remained on the surface, but with increased
intensity. This indicates the growth of all the species
in the tribofilm, particularly, an increase in the alkyl
and polyphosphate chain lengths.

After 1-h sliding, alkyl (CHs/CH,), alkyl sulfide
(C-5), zinc oxide (Zn-0O), and phosphate species were
also found in the tribofilms on both contacting
surfaces in the case of the DLC/steel, steel/DLC, and
DLC/DLC contact configurations (compare the red and
blue dashed curves in Figs. 11(a)-11(d)). However,
in comparison to the steel/steel contact, significant
differences in the phosphate mixtures were observed.
This can be observed from the changes in the peak
positions of the P=O band to lower/higher wave-

numbers (compare the red and blue dashed curves in
Figs. 11(a)-11(d)), indicating that different mixtures
of various types of phosphates (orthophosphate,
pyrophosphate, polyphosphate, metaphosphate, and
organophosphate) exist in the tribofilms formed on
the different surfaces (stationary/moving) and different
contact configurations. With a longer sliding time
of 6 h, all the species remained on the surfaces (red
and blue dashed and full curves in Figs. 11(b)-11(d)).
However, with the DLC/steel contact, similar to the
steel/steel contact, the intensity of all the species on
both contacting surfaces increased with the sliding
time (the red and blue dashed and full curves in
Fig. 11(b)). This demonstrates the growth of all the
species in the tribofilm; particularly, an increase in the
poly(organo)phosphate chain lengths. In contrast, in
the case of the steel/DLC and DLC/DLC, the intensity
of some species, that is, phosphates, on both contacting
surfaces decreased (except for the stationary DLC
in the DLC/DLC contact), whereas the intensity of
other species, that is, the organic sulfide and zinc
oxide, on both contacting surfaces increased with the
sliding time (red and blue dashed and full curves in
Figs. 11(c)-11(d)).

3.4.2 XPS

XPS analyses were performed for both contacting
surfaces of the DLC/steel, steel/DLC, and DLC/DLC
contacts after 1-h and 6-h sliding. The steel/steel
contact was not presented because there are already
numerous consistent and detailed analyses [44, 45].
The XPS findings confirm the presence of oxide,
sulfur, phosphorous, and zinc species in the outer
5-nm tribofilms formed on the contacting surfaces
of the DLC/steel, steel/DLC, and DLC/DLC contacts
after 1-h and 6-h sliding, which can be observed
clearly from the detailed XPS spectra of the O 1s,
S 2p, P 2p, and Zn 3s signals in Figs. 12-14. The XPS
spectra of the Zn 2p signal, which was detected in
the case of all the tribofilms, are not shown here.
The binding energies (BEs) and intensities of all the
peaks and their components are shown in Figs. 12-14.
Significant differences in the full width of the XPS
peaks and peak components (FWHM), and their
intensities and positions (BE) between the different
surfaces can be registered immediately; they show
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Fig. 12 XPS spectra of O 1s signal for tribofilms formed on contacting surfaces (stationary and moving) of the DLC/steel, steel/DLC,

and DLC/DLC contacts after 1-h and 6-h sliding.

that the chemical composition of the outer 5-nm
the tribofilm is also very different.

The O 1s peak was resolved into three or four com-
ponents, as shown in Fig. 12. A component at a BE of
530.0-531.4 eV can be assigned to the oxide species
(metal oxide), whereas a component at BE in the
range of 531.5-532.6 eV can be assigned to non-bridging
oxygen (NBO), participating in the P=O, P-O-M, and
P-O-R bonding. A component at 532.9-534.1 eV is
assigned to a bridging oxygen (BO), which is involved
in the P-O-P bonds [44, 46, 47]. A contribution at a
BE of 534.1-534.6 eV was observed on some surfaces,

which could be assigned to a bridging oxygen as well,
but in the 3D polyphosphates (ultraphosphates) [47].
The component at 536.4 eV, observed in the case of
the moving DLC surface in the DLC/DLC contact after
6-h sliding, can be ascribed to partially adsorbed
water [47].

The detailed XPS spectra of the S 2p signal after
1-h and 6-h sliding are presented in Fig. 13. The S 2p
peak was resolved into two components (one doublet)
in some cases, whereas in the other cases it was
resolved into four components (two doublets). For
each doublet, the constant peaks’ separation of AE, =
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Fig. 13  XPS spectra of S 2p signal for tribofilms formed on contacting surfaces (stationary and moving) of the DLC/steel, steel/DLC,
and DLC/DLC contacts after 1-h and 6-h sliding.

1.2 eV and the constant intensity ratio of 0.5 (because = after 1-h sliding. Sulphite and sulfate species were
of the spin-orbit coupling) were taken into account  observed on the moving DLC surface in the DLC/DLC
[44, 46]. The two doublets indicate the presence of more ~ contact after 1-h sliding. Only the sulfide and
than one chemical state. The components at BE in the = organosulfur species remained on the surface with a
range of 161.6-164.4 eV originate from sulphide (5*)  longer sliding time (6 h).

and organosulfur (5S-R) species, which are present in The P 2p peak was resolved into two contributions
all the tribofilms (Fig. 13) [44, 46, 48]. Contributions (one doublet) or four contributions (two doublets), as
at 165.2, 167.6, and 168.8 eV, corresponding to the = shown in Fig. 14. For each doublet, the constant peak
sulfite (SO;>) and sulfate (SO.*) species [48-50], separation of AE, = 0.85 eV and constant intensity
respectively, were also observed. For example, sulfite  ratio of 0.5 were considered in the fitting procedure
species were found on the stationary steel surface  [44, 46]. Different peak positions and widths imply
in the steel/DLC contact after 6-h sliding, and on the  that different mixtures of various types of phosphates
DLC moving surface in the same contact, but only = (orthophosphate, pyrophosphate, polyphosphate,
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Fig. 14 XPS spectra of P 2p signal for tribofilms formed on contacting surfaces (stationary and moving) of the DLC/steel, steel/DLC,

and DLC/DLC contacts after 1-h and 6-h sliding.

metaphosphates, and organophosphates) exist in the
films on different surfaces, as also observed in the
FTIR spectra. A change in the P 2p signal toward

Table 2 BO/NBO areal and P/Zn intensity ratios for the contacting
surfaces in DLC/steel, steel/DLC, and DLC/DLC contacts.

lower/higher binding energies and changes in the
full widths (FWHM) of the peaks with increasing
sliding time from 1 to 6 h indicate that changes in the
phosphate mixture occurred.

For better insight into the differences between the
phosphate mixtures, the BO/NBO areal ratio and
P/Zn intensity ratio were calculated for the evaluated
surfaces (Table 2). In the case of the DLC/steel contact,
a high BO/NBO ratio of 0.73 and P/Zn ratio of 1.2
were obtained for the stationary surface after 1-h
sliding, indicating the presence of long-chain
polyphosphates with a significant amount of 3D

Configuration BO/NBO P/Zn
. 1h 0.73 1.2
Stationary DLC
6h 0.42 1.1
DLC/steel ) 1h 0.29 0.8
Moving steel
h 0.50 10.6
. h 0.23 1.2
Stationary steel
h 0.30 1.1
steel/DLC . 1h 0.26 0.7
Moving DLC
6h 0.49 0.8
. h 0.33 1.1
Stationary DLC
6h 0.49 0.8
DLC/DLC
. 1h 1.24 2.1
Moving DLC
6h 0.40 1.0
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polyphosphate (ultra-phosphate) [44, 47, 51]. With an
increase in the sliding time to 6 h, the BO/NBO ratio
decreased to approximately 0.42, whereas the P/Zn
ratio remained relatively the same. This signifies
the presence of long-chain polyphosphates only. For
the moving steel surface of the same contact, the
BO/NBO value of 0.29 after 1-h sliding increased
to 0.5 after 6-h sliding, indicating a transition from
a mixture of pyrophosphate and short-chain poly-
phosphates to a mixture of very long polyphosphates
and a small amount of ultra-phosphates [44, 47, 51].
The presence of very long-chain polyphosphates
is supported by the very high P/Zn ratio (10.6). In
the case of steel/DLC on both contacting surfaces,
pyrophosphates and short-chain polyphosphates
were detected after 1-h sliding. With longer sliding
time, the BO/NBO ratio increased to 0.30 and 0.49 for
the stationary and moving surfaces, respectively. The
P/Zn ratio remained unchanged for both surfaces.
These changes indicate a slight increase in the
polyphosphate chain length.

In the DLC/DLC contact, the BO/NBO ratio for the
stationary DLC surface increased from 0.33 after 1-h
sliding to 0.49 after 6-h sliding, which may indicate
a small amount of an ultra-phosphate within the
tribofilm. A slight decrease in the P/Zn ratio from 1.1
to 0.8 could imply a slight decrease in the poly-
phosphate chain length. For the moving DLC surface,
a BO/NBO ratio of 1.24, and P/Zn ratio of 2.1
were obtained. After a longer sliding time, both the
BO/NBO and P/Zn ratios decreased significantly
(to 0.40 and 1.0, respectively), indicating that a mixture
of very long polyphosphates and a large amount
of ultra-phosphate changed to a mixed structure of
short-chain and long-chain polyphosphates.

4 Discussion

The type of material in the contact (steel or DLC) and
the contact configuration (moving/stationary) were
shown to influence tribofilm growth; these result in
different friction properties for the evaluated contacts.
To understand the effect of ZDDP on the friction
behavior of the evaluated contacts, three properties
of the formed tribofilms were analyzed: thickness,
morphology, and chemical structure.

The correlation between the film properties and
COF is more relevant after 6-h sliding when the
films become steadier. We observed that after 6-h
sliding, the total film thickness was the lowest in
the DLC/DLC contact, followed by the steel/DLC, and
DLC/steel, whereas the greatest thickness was measured
for the steel/steel contact (Figs. 4(b) and 15). The
variations in the film thickness could be attributed to
the different adhesion abilities of the moving body
and forming film, which are very important when
film shear is introduced by pulling the moving body.
It is known that DLC exhibits a lower limiting shear
stress owing to lower adsorption, and does not sustain
the same high shear rates in comparison to the better
adhesion of the films with the steel [52, 53]. When
the moving body is DLC, the tribofilm thickness
on the DLC is lower, and consequently, the total
tribofilm thickness is lower. Similar phenomena were
recently observed for the boundary slip of DLC and
oil because of poor wetting [54], which in EHL,
enhances the boundary slip. However, when the
moving body is steel, the film thickness on the steel
is greater, and subsequently, the tribofilm is thicker.
However, it should be noted that a combination of
the moving body (steel or DLC) with more reactive
stationary steel results in a higher total thickness than
with stationary DLC.

The low total tribofilm thickness resulted in lower
friction, whereas the higher thickness resulted in
higher friction, as shown in Figs. 3(b), 4(b), and 15,
and reported in Ref. [10]. This is notable in the case
of the self-mated contacts, steel/steel, and DLC/DLC,
which exhibit the highest and lowest COFs, res-
pectively. In contrast, the influence of the film thickness
on the friction behavior of the mixed contacts is
unclear and can be explained as follows. In steel/DLC
contacts, a low tribofilm thickness on the moving
DLC surface results in a larger number of contacts
between the bare surface asperities (steel and much
harder DLC), which in turn causes higher friction. In
contrast, in the DLC/steel contact, a higher tribofilm
thickness on the stationary DLC results in a smaller
number of contacts between the bare surface asperities,
causing lower friction. The lowest friction observed
in the case of the DLC/DLC contact is attributed to
the very low film thickness on both contacting surfaces,
which causes the intrinsic low-friction properties of
the bare DLC surfaces to prevail.
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Measuring the tribofilm thickness after different
sliding time (1 and 6 h) reveals that the total tribofilm
thickness increases when in contact with steel as
a moving body, and decreases when in contact with
DLC as a moving body with increasing sliding
time (Fig. 4). Consequently, changes in the tribofilm
thickness influence the friction behavior of the contacts,
particularly, in the self-mated ones. Here, an increase
in the thickness leads to a higher COF and vice versa
(Figs. 3 and 4). In the mixed contacts, the influence
of the changes in the tribofilm thickness with time
on the COF is unclear. In the DLC/steel contact, only
a minor increase in the COF was observed (by
approximately 2%), whereas in the steel/DLC contact,
an increase of approximately 20% was obtained, even
though the tribofilm thickness decreased. The latter
could be attributed to the increased number of contacts
between the asperities of the bare DLC and steel
surfaces.

The thickness and morphology of the tribofilms
are closely related, and their effects on friction are
difficult to differentiate; however, the effects of both
are more pronounced after longer sliding time. The
films on all the steel surfaces disintegrated into smaller
pads with longer sliding time (Figs. 7, 8, 9, and 15),
which, according to the previous research on ZDDP
[4, 18, 19], could contribute to higher friction in the
steel/steel, DLC/steel, and steel/DLC contacts owing
to an increase in the surface roughness. However,
film disintegration on the DLC surfaces in the case
of the steel/DLC and DLC/DLC contacts contributes
to an increased number of contacts between the bare
surfaces, which leads to an increase in the COF in the
steel/DLC contact, and a decrease in the COF in the
DLC/DLC contact.

The chemical structure of all the tribofilms
consists of alkyl (CH,/CH,), ZnO, organosulfur, and
poly(organo)phosphate species (Fig. 11), regardless
of the contact configuration. Although their general
composition is similar, there is a significant variation
in the presence of dissimilar mixtures of various
types of phosphates in the films formed on different
surfaces, particularly in their lengths (orthophosphate,
pyrophosphate, polyphosphate, and metaphosphate).
This can be observed from the variations in the
intensities and positions of the IR peaks as well as
the variations in the BO/NBO and P/Zn ratios in

the outer 5-nm film (Figs. 11, 12, 14, and Table 2).
However, from all these variations, it is impossible
to find a clear explanation, contact conditions, and
contact configuration (moving body/materials) that
will result in a specific structure of the tribofilm. It
should also be mentioned that the film structure in
comparison to the film thickness does not have a direct
influence on the friction behavior of the contacts.
According to publications by others, short-chain
polyphosphates usually result in a lower COF com-
pared to longer-chain ones [55]. In our case, this is true
for the DLC/ DLC contact, where the lowest friction
coincides with the presence of short and short-to-
middle chain-length polyphosphates detected on the
stationary and moving surfaces, respectively (Table 2).
However, this does not apply to the DLC/steel and
steel/DLC contacts. In the first case, the presence of
long and very long phosphates on the stationary and
moving surfaces, respectively, resulted in the second-
lowest COF, whereas in the latter case, the presence
of the short-to-middle chain-length polyphosphates
on both contacting surfaces led to a 25% higher COF
than in the DLC/steel contact. This shows that the
film structure contributes to the increase/decrease of
the COF by only a smaller extent.

Further, some consistencies between the changes in
the film structure and thickness were observed. One
of them is the intensity of the phosphate IR peak,
which increased in the contacts with steel as the
moving body (steel/steel, DLC/steel) and decreased
in those with DLC as the moving body (steel/DLC,
DLC/DLC) as the films become more stable. The increase
in the phosphate intensity is in good agreement with
the increase in the tribofilm thickness with sliding
time and vice versa (Figs. 4, 11(a), and 11(b)). Overall,
significant differences were observed depending on
the contact configuration. In some cases, a clear
explanation can be given, often consistent with past
studies and understanding of well-known theories
or effects, especially for the self-mated steel/steel or
DLC/DLC contacts. However, in some cases, no clear
explanation is given, most probably because of the
simultaneous effects of the surface features and
contact configuration. It is clear that any prediction of
the behavior and understanding of the fundamentals
remains limited especially for mixed steel-DLC
contacts.
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Fig. 15 Schematics of ZDDP tribofilm formation on all contacting surfaces for all contact configurations.

5 Conclusions

1) The formation of a tribofilm significantly depends
on the surface reactivity of the material, as well as the
contact configuration, which clearly influenced all
the evaluated parameters.

2) The thickness of the tribofilm can vary from
approximately 60 to 330 nm. The thickness is higher
on the steel surfaces than on the DLC surfaces. In
mixed DLC-steel contacts, the thickness is higher on
the stationary steel surface than on the moving steel
surface.

3) Thicker films result in higher friction in the self-
mated contacts; thus, friction is higher on steel/steel
than on DLC/DLC. Mixed contacts do not reveal a clear
conclusion in terms of the thickness—friction property,
probably because of other effects such as morphology
and chemistry.

4) The morphology of a tribofilm exhibits different
features, that is, adhered islands that can be high or low,
large or small areas of coverage, and additives adhering
fully or partially covering the surface. With time, the
area of the islands decreases (they disintegrate), which
has a different effect on the friction in the mixed con-
tacts, but clearly reduces the friction in the DLC/DLC
contacts.

5) Nano-friction, similar to macro-friction, is
significantly affected by the tribofilm’s characteristics,
which depend on the configuration of the contact.

6) All the contact configurations consist of alkyl (CH,/
CH,), Zn0O, organosulfur, and poly(organo)phosphate

species; however, they possess dissimilar mixtures
of various types of phosphates, particularly related to
their lengths (orthophosphate, pyrophosphate, poly-
phosphate, and metaphosphate), as well as variations in
the ratios of the bridging oxygen (BO)/non-bridging
oxygen (NBO) and P/Zn at the outer 5 nm of the film.

7) Steel/steel and DLC/DLC contacts have more
predictable behavior and follow known theories and
effects for film formation, whereas mixed steel-DLC
contacts are relatively unpredictable, which means
that we do not understand their tribofilm properties;
therefore, our knowledge on their tribological behavior
remains limited.
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