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Abstract

Purpose — To decrease wear and friction, zinc dialkyldithiophosphate (ZDDP) has been used in engine oil for several decades, but the mechanism of
the tribofilm formation is still unclear. The purpose of this study is to characterize the chemical details of the tribofilm by using high-resolution
approaching.

Design/methodology/approach — An I1SO VG 100 mineral oil mixed with ZDDP was used in sliding tests on cylindrical roller bearings. Tribofilm
formation was observed after 2 h of the sliding test. X-ray photoelectron spectroscopy (XPS) and atom probe tomography (APT) were used for
chemical analysis of the tribofilm.

Findings — The results show that the ZDDP tribofilm consists of the common ZDDP elements along with iron oxides. A considerable amount of zinc
and a small amount of sulfur were observed. In particular, an oxide interlayer with sulfur enrichment was revealed by APT between the tribofilm and
the steel substrate. The depth profile of the chemical composition was obtained, and a tribofilm of approximately 40 nm thickness was identified by
XPS.

Originality/value — A sulfur enrichment at the interface is observed by APT, which is beneath an oxygen enrichment. The clear evidence of the S
interlayer confirms the hard and soft acids and bases principle.

Peer review — The peer review history for this article is available at: https://publons.com/publon/10.1108/ILT-01-2020-0035/
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1. Introduction

Zinc dialkyldithiophosphate (ZDDP) is a multi-functional
additive that has been widely used for formulating lubricants
because of its excellent performance and relatively low cost
(Spikes, 2004). The addition of ZDDP contributes to the
formation of an anti-wear tribofilm, which prevents direct
contact between two surfaces acting as a role of a barrier. The
tribofilm also has the capability of capturing harmful hard
particles such as iron oxide, thus reducing the wear of the
sliding surfaces (Minfray ez al., 2004b; Onodera et al., 2008).
The tribofilm is present as solid-like pads formed in the contact
area that is commonly described as blue-colored tribofilm
(Kubiak ez al., 20125 Onodera et al., 2013; Gachot ez al., 2016).
It is generally accepted that the presence of a ZDDP tribofilm is
correlated with the reduction of wear and friction. ZDDP was
used in various applications because of its benefits in
tribological performance. However, the usage of ZDDP in
engine oil is now facing restrictions, as the phosphorous and
sulfur oxides reduce the effective life of exhaust catalysts
(Spikes, 2004). To find a proper substitute, several open
questions have to be answered.

The formation of ZDDP tribofilm is a complex mechanism
induced by thermal activation and tribomechanical reactions (i.e.
shearing) (Fujita and Spikes, 2004; Fuller er al., 1997). Shear-
induced tribofilms showed a better stability and wear-resistance,
according to Bancroft er al. (Bancroft er al., 1997). Based on
molecular dynamics simulations, it is suggested that the pressure/
shear-induced cross-linking is the key mechanism in the
formation of anti-wear films (Mosey ez al., 2005). In addition, the
driving force of the tribochemical reaction of ZDDP is not
directly attributed to the temperature but to the entropy mixing
contribution (Martin ez al., 2012). Gosvami et al. (Gosvami et al.,
2015) proved by using n-situ sliding tests with atomic force
microscopy that the formation of the tribofilm is a thermally
activated and stress-assisted reaction. Furthermore, it is
suggested that nano-crystallization within the material caused by
the sliding process enhanced the tribofilm formation.

The composition of the main part of tribofilm, namely, the
bulk tribofilm, is based on the ZDDP related elements, such as
Zn, P and S. Longer chain of zinc/iron polyphosphates were
found at the top of the tribofilm; whereas lower chain at the
bottom region (Spikes, 2004). Various methods have been
applied to reveal the chemical detail of the ZDDP tribolayer,
such as Raman spectroscopy (Berkani er al., 2013), time of
flight secondary ion mass spectrometry (Minfray er al., 2004a),
auger electron spectroscopy (Martin er al., 2000) and X-ray
absorption near edge structure (XANES) (Nicholls er al.,
2003). The morphology of the tribofilm can be described as
island-like pads, which consists mainly of glassy phosphates
(Martin et al., 2001).

A high concentration of oxygen was commonly found in the
bulk tribofilm caused by the sliding motion. Martin er al
(2001) observed a considerable amount of oxygen in the
tribolayer and approximately 4 per cent of sulfur in the top of
the bulk tribofilm. Miranda-Medina er al. (Miranda-Medina
et al., 2019) indicated iron oxide particles captured by the
tribolayer in a cross-section observation. Hence, Guo ez al
(2017) identified a clear iron oxide layer at the bottom of the
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tribofilm, which revealed that there is an oxygen enrichment at
the interface between the bulk tribofilm and the steel substrate.

In addition to oxygen, sulfur has also been identified in the
tribofilm; however, it is still unclear whether there is an
enrichment at the interface. Based on the hard and soft acids
and bases (HSAB) principle, the chemical reaction between
sulfur and nascent steel substrate has been proposed as an
initial step of film formation (Martin, 1999). Bell ez al. (1992),
Smith and Bell (1999) found an enrichment of S/O at the
interface with about 5-10 per cent of sulfur content. Some
recent works present the existence of the sulfur-enriched layer
differently by various methods, Shimizu and Spikes (2016)
found the enrichment of S at the initial state of sliding, but it
was afterward pushed to the edge of the contact zone and
transformed to be P- and Zn-enriched. Soltanahmadi er al.
(2017) have made the sulfide interlayer visualized by using
transmission electron microscopy (TEM)/energy dispersive X-
ray spectroscopy (EDS). Moreover, X-ray photoelectron
spectroscopy (XPS) identified a sulfur/oxygen enrichment at
the bottom side of the bulk tribofilm (Heuberger ez al., 2007;
Dorgham er al., 2018). However, there are some studies
claimed that no sulfur interlayer was identified (Martin, 1999;
Martin er al., 2001; Zhou et al., 2017). According to the
literature mentioned above, the S enrichment at the interface is
still ambiguous. The thinness and the mixture of oxygen and
sulfur increase the difficulty of identifying the interface nature
of the tribofilm.

Atom probe tomography (APT) is a high-resolution
analytical technique, which provides three-dimensional (3D)
chemical compositional analysis at the nanometer scale (Kelly
and Miller, 2007; Miller and Forbes, 2009). The chemical
sensitivity limit of APT is around 10 ppm, and it is accordingly
an ideal tool to reveal quantitative chemical information of
segregation and near interfaces. The spatial resolution limit of
this technique is approximately 0.1 nm in z-direction (depth)
and 0.2 nm in xy-directions (lateral), which takes a longer time
for the sample preparation, but gives a prominent three-
dimensional representation of the elemental distribution at
high-resolution. So far, there are only a few APT studies aiming
at tribofilms. Kim ez al. (2016) applied APT to prove the little
content of boron in the tribofilm formed by boron added
lubricants. Guo ez al. (2017), Zhou ez al. (2017) identified the
existence of an iron oxide interlayer, but no sulfur enrichment
was found. Therefore, APT was used in this study to examine
the interface region between the ZDDP tribofilm and the steel
substrate.

2. Experiments

2.1 Zinc dialkyldithiophosphate tribofilm formation

Tribofilm was formed after a tribological sliding test operated
by a modified FES8 test rig according to DIN 51819-3.
Cylindrical roller thrust bearings (Type 81212) comprised of
two washers, a cage, and 15 cylindrical rollers made of 100Cr6
bearing steel (AISI 52100) were tested in lubricated conditions.
The bearings were installed in the vertical plane, i.e. with a
horizontal axis of rotation. The test was run with a rotational
speed of 20 rpm and an axial load of 80 kN for 2 h. A mineral oil
of class ISO VG 100 was used as a base oil and mixed with a
secondary ZDDP additive in a concentration of 0.02 Wt.% of
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phosphorous. Sufficient lubricant was fed to the contact area by
a pumping system. The working temperature was 80°C. The
maximum contact pressure according to Hertzian calculation
was 1.92 GPa. More experimental details can be found in
Table 1. In addition, the minimum oil film thickness was
estimated according to the Dowson-Higginson equation
(Dowson ez al., 1962) as boundary lubrication. After the sliding
test, the surface was cleaned by benzene and isopropanol to
remove the residual lubricant, abrasives and contaminants.

2.2 X-ray photoelectron spectroscopy

The depth profile of the tribofilm was examined by XPS. The
instrument is equipped with a monochromatic Al Ka
(1486.6 eV) source based on a 500 mm circle geometry, a
delay-line detector (DLD), a 165mm mean radius
hemispherical analyzer plus spherical mirror analyzer (SMA)
for parallel chemical imaging and runs under ultra-high
vacuum conditions with a working pressure below 10~® mbar
in the main chamber. The spectrometer was used in small spot
spectroscopy mode, where the virtual probe on the surface of
the samples is defined by choosing a suited aperture inside the
electrostatic column of the detector. The place of measurement
was set to a size of 0.3 x 0.7 mm, matching the tribofilm regions
within the wear track. Congruence of the region of interest and
place of measurement was controlled by parallel chemical
imaging. The chemical composition of the surface of the
sample was analyzed by XPS survey spectra with a typical
information depth of less than 5 nm. Elemental concentrations
in atomic percentages for the detected elements were calculated
from the peak areas of photoelectron lines. Depth information
of the tribofilm was obtained by XPS sputter profiles. All
ZDDP tribofilm related elements including zinc, phosphorus,
sulfur, oxygen and iron were considered. For sputter etching,
the standard Argon ion gun was used with a raster size of 2 x
2mm and an ion energy of 2 keV. The depth scale is given in
regard to a T'a,Os5 reference sample, which would be sputtered
up to this deep with the same adjustments of the ion gun.

2.3 Atom probe tomography

Sample preparation for APT was processed in a dual beam
scanning electron microscope/focused ion beam workstation
(SEM/FIB). A 200 nm Cr sacrificial capping layer was deposited
above the ZDDP tribofilm by physical vapor deposition (PVD).
The specimens were prepared by the lift-out technique
described in (Thompson et al., 2007). The last step of low
energy milling at 2kV was performed to minimize Ga induced
damage. Laser pulsed APT measurements were performed at a
repetition rate of 100 kHz, specimen temperature of about 60 K,
a pressure lower than 1 x 10 —10 Torr (1.33 x 10 ®Pa) and a
laser pulse energy of 0.7 nJ. The evaporation rate was set to 2
atoms per 1,000 pulses. Data sets were reconstructed and
analyzed by a computational analysis software.
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3. Results and discussions

A ZDDP anti-wear tribofilm was formed at the contact area after
2h of the sliding test. The surface overview of the bearing washer
obtained by optical microscopy is shown in Figure 1(a) and (b). In
the wear track area, a tribofilm with brown and blue coloration was
found along the wear track. The correlation between the Slide-Roll
Ratio (SRR) and the thickness of the tribofilm on roller bearings
has been presented previously (Stratmann et al., 2017). By means
of the formation of the anti-wear tribofilm, no severe wear damage
was observed. The presence of the ZDDP tribofilm enhances the
tribological performance and prolongs the lifetime of the thrust
bearings (Hsu ez al., 2017; Rosenkranz ez al., 2016). Furthermore,
it has been proven by Gachot ez al. (2016) that the blue regions are
enriched in phosphates, whereas the brown-colored film fractions
show significant amounts of iron oxides. As a consequence, the
blue region at SRR +7 per cent was selected for further
investigation by XPS and APT. In addition, the cross-section
profile obtained by SEM is shown in Figure 2. The thickness of the
tribofilm is up to a maximum of 80 nm. It can be observed that the
average thickness is around 40nm. The inhomogeneity of the
tribofilm can be attributed to the complex tribochemical reaction,
which is in good agreement with the literature (Kalin, 2004;
Topolovec-Miklozic ez al., 2007).

XPS analysis presents the chemical composition of the
ZDDP tribofilm at its surface and by sputtering along with
the depth. In Figure 3(a), the depth profile shows the
concentration of the elements identified, and Figure 3(b) shows
the concentration profile of the uppermost 100 nm. According
to the depth profile, the tribofilm was approximately 40 nm in
thickness. The tribofilm was composed of the ZDDP related
elements, including 11 Wt.% of P, 2 Wt.% of S and 24 Wt.% of
Zn; meanwhile around 50 Wt.% of oxygen was found. The
analysis reveals a considerable amount of oxygen in the
tribofilm, which could be composed of the products of
the decomposition of ZDDP itself, iron oxides from the wear
debris, or even caused by the exposure to ambient air after
testing. In addition, iron has been detected in the tribofilm.
This can be attributed either to the diffusion of Fe from the
iron-based substrate, or to the deposition of wear debris
(Martin, 1999; Martin er al., 2001). For further examination
into the interface, the tribofilm was cut and shaped into the
form of a tip by SEM/FIB lift-out process. An SEM image of an
APT tip specimen from the respective sample is shown in
Figure 1(c).

APT atom maps are shown in Figure 4. The data set shows
the spatial distribution of the elements in the specimen,
including the Cr capping layer, anti-wear tribofilm and steel
substrate (Figure 4(a)). Figure 4(b) shows the spatial
distribution of single ions as well as some complex ions. The Cr
capping layer can be observed at the top of the specimen,
whereas the tribofilm and its related elements such as P, S, Zn
and O are dominant in the region below. Fe atoms are located
mainly beneath the region of tribofilm (steel substrate) but also

Table 1. Lubricant properties and lubrication conditions for tribofilm growth in sliding test

Oil properties at 80°C

Sliding and lubrication condition

Kinematic Viscosity Density Pressure-viscosity coefficient Rolling speed Max. pressure Temp.
18.4 mm?/s 856.9 kg/m> 1.59x 108 pa~" 0.04 m/s 1.92 GPa 80°C
925
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Figure 1 General view of the sample preparation

Notes: (a) Overview of the wear track on the surface of thrust
ring with a cylindrical roller; (b) the ZDDP tribofilm in the wear
track obtained by optic microscopy; (c) the shaped tip specimen
of the tribofilm for APT analysis

Figure 2 STEM image showing the cross-section of the tribofilm in the
wear track. From top to bottom are Pt protective layer, ZDDP tribofilm
and Fe substrate

Protective layer
ZDDP Tribofilm

Fe Substrate

Figure 3 (a) Chemical composition profile of the ZDDP tribofilm by
XPS, sputtering from the top of the film to the steel substrate and (b) a
concentration profile for the uppermost 100 nm
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Figure 4 (a) 3D APT reconstruction showing the Cr capping layer,
ZDDP tribofilm and steel substrate. A 5 Wt.% of Zn iso-concentration
surface (grey) is used to delimitate the tribofilm and (b) spatial
distribution of Fe, Zn, S/0, FeO, PO and Cr atoms in the reconstruction

Fe Zn S/IO
Cr capping layer |
FeO PO Cr
Tribofilm -
Substrate
(@) (b)

found in the tribofilm. Several peak-overlaps exist in the APT
mass-to-charge-state ratio spectrum such as Zn>* (m/n = 32-
35) with SiO,*" (m/n = 30-33), FeO*" (m/n = 35-38) and
CrO?" (m/n = 33-36). Furthermore, the overlap in the mass
spectrum between O*! and S™2 at m/n = 16 and between O, ™"
and S*! at m/n = 32, makes it difficult to differentiate these
elements in the spatial maps clearly. A peak decomposition
algorithm was used to correct the overlaps based on the natural
isotopic abundance (Gault ez al., 2012).

Table 2 shows the average composition of the tribofilm
measured by APT. The tribofilm was delimited by a 5 Wt.% of Zn
iso-concentration surface [Figure 4(a)], and the composition was
calculated considering the atoms inside this volume. The
compositions of the Cr-capping layer and the steel substrate are
therefore excluded from such analysis. The results show that the
tribofilm was composed of approximately 26 Wt.% of Zn and
approximately 3 Wt.% of S, which is similar to the results of XPS.
On the contrary, a higher amount of Fe and a lower amount of O
and P were identified. The differences between these two methods
could be attributed to the inhomogeneity of the tribofilm, which
was also found in the previous study by TEM (Gachot et al.,
2016). Additionally, APT analysis required high-level cleanliness
of sample preparation. The organic phosphate layer could have
been partially removed by solvent cleaning before APT sample
preparation (Smith and Bell, 1999). However, the interlayer
covered by the inorganic layer was fully conserved. A clear insight
into the interface between the tribofilm and the substrate was then
obtained.

Table 2. Chemical composition of the tribofilm measured by APT,
calculated from within a volume enclosed by iso-concentration surfaces of
5Wt.% Zn

Composition Wt.%

Zn 25.74 * 0.08
P 0.73 + 0.01
S 2.79 * 0.02
0 15.08 * 0.01
Cr 3.98 * 0.03
Fe 48.33 * 0.09
C 0.61 * 0.01
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In Figure 5, two-dimensional (2D) contour plots highlight the
elemental distributions and compositions within two mutually
perpendicular 5 nm thick slices through the APT data set at the
tribofilm, namely, x-z and y-z planes [correlated to Figure 4
(a)]. From top to bottom, Zn enrichment at the upper part of
the tribofilm is presented in Figure 5(a) and (b), and the
enrichment of FeO underneath the Zn-rich region is shown in
Figure 5(c) and (d). Finally, enrichment of S/O at the bottom
of the substrate is shown in Figure 5(e) and (f). The
disambiguation between S and O was done by the FeS complex
ion peaks, showing the presence of S in the lowest part of the
tribofilm [Figure 5(g) and (h)].

Volume 72 - Number 7 - 2020 - 923-930

At the upper part of the tribofilm, a higher amount of Zn was
found, which was mixed with iron and oxygen. The
composition of the tribofilm shows the participation of ZDDP
elements, which can be attributed to the aforementioned
shearing influence by sliding. Moreover, an iron oxide layer was
formed beneath the Zn-rich area, which can be attributed to the
entrapment of wear debris. The observation of the oxygen
enrichment is in good agreement with the literature, which
suggested that the shearing causes the oxidation of the surface
and the tribofilm (Zhang et al., 2005). Wear particles removed
from the steel surface by mechanical motion were first carried
into the lubricant; the particles would then be embedded into

Figure 5 Two-dimensional (2 D) contour plots showing the elemental distribution and composition profiles at two mutually perpendicular slices

through the tribofilm (x-z and y-z planes)
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Notes: (a,b) Zn enrichment at the upper part of the tribofilm; (c,d) enrichment of FeO
underneath the Zn rich region; (e,f) enrichment of S/O on the substrate. The overlap in the
mass spectrum between O+1 and S+2 at m/n = 16 makes it difficult to clearly differentiate the
e elements. the presence of S on the substrate is then confirmed by the separate plot of the
distribution and concentration of FeS in the film (g,h)
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the tribofilm because of the “digestion” mechanism (Martin,
1999; Minfray ez al., 2006; Spikes, 2004).

The specific observation of the sulfur enrichment by APT
dedicates to understanding the structure of the ZDDP
tribofilm. According to the HSAB principle, a thin sulfur layer
(FeS) would be formed at the nascent steel surface by following
the soft reaction, which happens at the beginning of sliding tests
(Martin, 1999). Although some aforementioned studies found
no S enrichment at the interface, the present study supports its
existence with a high-resolution insight. By separating the
mass-to-charge peaks based on the abundance of isotopes, the
correlation between the distribution of sulfur and oxygen was
distinguished.

A hypothetical construction of the ZDDP anti-wear tribofilm
is illustrated in Figure 6 based on the observation from XPS
and APT. The construction of the tribofilm is generally
corresponding to the Schmaltz model (Schmaltz, 1936). From
top to bottom, it comprises a tribofilm, an oxide interlayer, a
sulfur enrichment and the steel substrate. Zinc dominated in
the tribofilm and mixed with a considerable amount of iron and
oxide. Beneath the tribofilm, an oxide interlayer and a sulfur
enrichment at the bottom appeared. The oxide layer was
attributed to the mixture of oxides, which mainly came from
wear debris because of the severe sliding conditions.
Furthermore, the sulfur enrichment was formed by the
tribochemical reaction that nascent iron surfaces react with
sulfur species (De Barros ez al., 2003).

Two different methods, XPS and APT, were both used for
chemical analyses. In this study, XPS is used as a kind of fast
preparatory screening technique for APT analysis. Regarding
the complex load situation of macroscopic technical samples
and its roughness, the tribofilm formation is understood to be
inhomogeneous, at least on a micro-scale. The XPS depth
profiles cover a representative area of the tribofilm and give a
first impression of the chemistry concerning the average depth
distribution of its components. Based on these results,
including STEM lamella, the best-suited sites for APT analysis,
with a high probability of matching locally pronounced
tribolayer and the relevant depth scale, could be selected. In the
next step, the introduction of APT revealed the tribofilm at the
nanometer scale that provided further details of the tribofilm
composition, which would be difficult to obtain by using other
analytical techniques. Consequently, adequate preliminary
examinations should be manipulated prior to running in an
APT experiment in future studies for a better insight of
characterization (Kelly ez al., 2007).

Figure 6 Schematic representation of the ZDDP anti-wear tribofilm.
From top to bottom are Fe/Zn polyphosphate tribofilm (10-100 nm),
oxide layer (= 10 nm), sulfur enrichment (= 5 nm) and steel substrate.
The sulfur enrichment is shown to be unevenly distributed according to
the findings by APT (Figure 5)

<«— ZDDP tribofilm
with Zn, P, O

10-100 nm

~10 nm
~5nm |

«— Iron Oxide Interlayer
<«— Sulfur enrichment

<+— Steel substrate
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4. Conclusions

In the present study, ZDDP anti-wear tribofilms formed on the

surface of a cylindrical roller thrust bearing have been analyzed

by XPS and APT. The chemical composition and constituents
of the tribofilm are revealed. The findings show:

« Analysis from both the XPS and APT demonstrate a well-
established tribofilm formed wunder high pressure,
including a Zn-rich tribofilm, an oxide layer, and S
enrichment. Higher content of Zn was found at the upper
part of the tribofilm; in contrast, a more massive amount
of Fe can be found at the lower part of the tribofilm.

«  Sulfur enrichment was found between the tribofilm and the
steel substrate. The sulfur-rich region distributed
heterogeneously beneath the oxide layer in a range of
approximately 5 nm. With the advantage of using APT, it is
the first time that clear evidence has proven the existence of a
sulfur enrichment covered by ZDDP tribofilm.

« The finding of sulfur enrichment supports the predictions
according to the HSAB principle. The reaction between
sulfide ions and nascent iron substrate, namely the soft
reaction, triggers the formation of the tribofilm.
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