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Abstract
The drive to reduce fuel consumption in transportation has encouraged the emergence of low viscosity
lubricants to reduce viscous losses in the engine, drivetrain, and other components. However, viscosity
reduction increases the risk of surface damage, thus motivating the development of new anti-wear (AW)
additives. Capped ZrO2 nanocrystals (NCs) in base oils have been shown to form AW tribo�lms within
microscale sliding contacts. However, the potential of ZrO2 NCs to protect surfaces subjected to rolling-
sliding contact from macroscale damage, such as micro-pitting, remains unexplored. Here, we explore the
ability of ZrO2 NCs to form protective tribo�lms under harsh conditions using a micro-pitting rig (MPR),
consisting of a three ring-on-roller con�guration. The experiments were conducted in polyalphaolephin
(PAO) base oil, with and without 5 nm diameter ZrO2 NCs, at two levels of slide-to-roll ratio (SRR) (30%
and 0%) and at variable test durations up to long durations (119 hours). MPR results showed the use of
ZrO2 NCs gives rise to the formation of a tribo�lm covering the roller surfaces and decreases the initiation
and propagation of micro-pits compared to tests in pure PAO base stock. Transmission electron
microscopy (TEM) performed on focused ion beam (FIB) milled cross-sectional samples of the roller
surfaces revealed the growth of dense  and 50- 100 nm thick ZrO2-based tribo�lms independent of (SRR),
indicating the potential for robust micro-pitting fatigue protection. Nevertheless, small cracks localized
within the near surface region of the roller tested at the most severe conditions (30% SRR and 119 hours)
were observed. The initiation of these cracks was directly related to the presence of manganese sulphide
(MnS) inclusions in the steel, revealed using TEM combined with energy dispersive spectroscopy (EDS).
The results highlight the bene�ts of the protective tribo�lms formed by ZrO2 NCs and suggest
approaches for further optimizing their use.

Introduction
Growing concerns about climate change and environmental impact have encouraged researchers to
improve energy e�ciency in every technological �eld. In the automotive industry, the push to increase
energy e�ciency includes advancing the use of low viscosity (LV) lubricants, which reduce viscous drag
of mechanical components in contact with one and other. Recent studies, from bench tests to full vehicle
tests, have concluded that lower viscosity lubricants in engines, drivetrains, and other components can
lead to signi�cant reductions in CO2 emissions [1]. However, as lubricant viscosity decreases, so does the
thickness of the hydrodynamic �lm generated by the lubricant, thereby leading to more mixed and
boundary contact, and thus an increase in various forms of surface damage.

Surface initiated damage modes, such as micro-pitting and surface initiated macro-pitting can be driven
by stress �uctuations due to asperity interactions in rolling-sliding contacts. Cyclic loading results in
fatigue damage accumulation in the near-surface region, giving rise to the initiation of surface or near-
surface fatigue cracks. These cracks then propagate under stress from the surface into the material at a
shallow angle until rupture occurs, resulting in pits typically tens of µm deep [2–3]. Micro-pitting is a
common failure mode in numerous tribological components including but not limited to gears, rolling
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bearings, and the surfaces of cams and tappets. Multiple factors in�uence the surface contact fatigue
phenomena involved including speci�c �lm thickness [4–5], contact pressure [6], slide-to-roll ratio [7–8],
surface roughness [9–10], surface defects and inclusions [11–12–13], and lubricants including both
base oil and additives [14–15–16]. The speci�c �lm thickness λ, de�ned as the lubricant �lm thickness
over the surface root mean squared (RMS) roughness, is considered as the controlling parameter for
surface fatigue processes [17]. The use of LV oils implies a decrease of the speci�c �lm thickness,
resulting in an increase of direct asperity contact along with high stress concentrations, which raise the
risk of surface fatigue. Therefore, the role of additives becomes crucial in regard of surface damage.

Anti-wear (AW) and extreme pressure (EP) additives, typically incorporated in engine and drivetrain
lubricants, are of additional importance for LV lubricants so as to mitigate the damage caused by the
increased degree of operation under boundary lubrication conditions. These additives extend the wear-
limited service life of mechanical components. However, the effect that these additives have on the
initiation and propagation of surface cracks is not completely understood. Several studies have shown
improvements in the rolling contact fatigue behavior when AW and EP additives are used [18–19–20–
21]. Evans et al. [22–23] showed that the addition of S- and P-containing additives to mineral oil inhibited
the formation of cracks in the near surface of roller bearing cones through the formation of an AW
surface layer rich in Fe, P, S, and O. In addition, transmission electron microscopy (TEM) imaging revealed
a sharp interface between the AW surface layer and the underlying steel, suggesting the removal of the
initial surface asperities which resulted in a smoother contact and a decrease in stress concentrations. It
was also documented that the elements in the AW layer did not diffuse into the near surface region of the
steel, or attack grain boundaries. The exact AW surface-layer formation mechanism from S- and P-
containing additives in gear oils was not established. However, similarities between the AW layer and
ZDDP �lm deposition schematic models [24–25] were discussed. On the other hand, a number of studies
have shown a detrimental effect of S- and P-containing AW and EP additives on pitting life, which is
linked to their chemical reactivity that leads them to attack the metal surface, promoting crack initiation
by the creation of corrosion pits [26–27–28–29]. It was demonstrated that the effect of additives on the
fatigue life depends on their concentrations in oil and on their chemical reactivity [16–30–31].

Ueda et al. [32] recently investigated the effect of ZDDP concentration on micro-pitting and surface
fatigue. A correlation between AW tribo�lm growth rate and micro-pitting was observed. It was postulated
that the formation of a thick AW tribo�lm early in the test served to prevent adequate running-in of the
sliding components. This subsequently led to higher asperity stresses, resulting in an increase in micro-
pitting. The establishment of this correlation is of signi�cant interest in the design of e�cient oil
formulations by controlling both wear and micro-pitting damage, since some degree of run-in before a
protective tribo�lm forms may be desirable.

The potential of nanoparticles as an eco-friendly alternative to S- and P-containing additives to enhance
friction behavior and wear resistance has been widely studied for a range of lubricants [33–34–35–36].
However, the effects of NPs on the rolling contact fatigue life are not well known. Rico et al. [37] have
shown that the addition of polytetra�uoroethylene (PTFE) nanoparticles in both mineral and synthetic
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base stocks, at concentrations lower than 3%, increased the fatigue life of steel. The authors measured
the contact angle between the counterparts and found that it decreased in the presence of PTFE. This led
them to conclude that these nanoparticles improve adsorption phenomena, and possibly increasing the
oiliness of the lubricant. They also claimed that mechanical interposition of PTFE particles between the
surfaces could protect them from fatigue. However, no surface analyses were performed to observe the
presence of cracks at the contact. Aldana et al. [38] have shown that WS2 NPs when added to base oil
increase the life span of gear drives. Energy dispersive spectroscopy (EDS) analyses in a TEM revealed
the presence of a tungsten- and sulfur-containing tribo�lm on the surface of the gear tooth as well as all
along the wall of the cracks. These observations suggest that nanoparticles are able to ingress into
surface cracks, and may have a sealing effect, reducing the propagation of cracks and preventing the
mechanical part from early failure. Furthermore, a synergistic ability to mitigate cracking damage was
documented between WS2 NPs and the fully formulated additive package used in testing. More recently,
the micro-pitting and wear performance of CuO NPs and WC NPs in base oil containing oleic acid
surfactant were investigated using a micro-pitting test rig (MPR) [39]. It was found that both NPs
exhibited increased micro-pitting life compared to the base stock, although nano�uid containing WC NPs
showed signi�cantly improved performance in reducing micro-pitting, wear, and the traction coe�cient.
Based on scanning electron microscopy (SEM) analysis of the surface rollers, it was proposed that WC
NPs form a protective tribo�lm, while CuO NPs �lled the surface cracks to some extent, which delayed the
propagation of micro-pitting after certain number of cycles. However, further analyses of contact surfaces
in depth are required to con�rm the mechanisms by which these NPs operate to inhibit the propagation of
cracks and pits.

Therefore, nanoparticle additives have shown promise to increase fatigue life of rolling-sliding contacts
which motivates further investigations in this direction. We have previously shown the potential of ligand-
capped 5 nm-diameter ZrO2 nanocrystals (NCs; referred to as such as they are single crystal) to form
robust AW tribo�lm across a broad range of conditions in both base oils [40–41–42] and alongside co-
additives [43]. The �lm formation is attributed to tribosintering, whereby the capping ligands are removed
when the NCs are entrained into the contact, and the bare NC’s bond to the steel surface and to each
other, forming a solid �lm. Using an in situ AFM tribometer method supplemented with TEM
characterization, it was found that growth of a dense, solid, nanocrystalline, surface-bound ZrO2 tribo�lm
occurs across temperatures from −25 to 100°C at pure sliding contact conditions. The surface roughness
drives tribo�lm nucleation whereas contact stress favorites the tribo�lm growth rate [41]. Furthermore, the
addition of ZrO2 in a fully formulated 75W-80 gear oil was found to reduce underlying surface wear
across a range of slide-to-roll ratios, including rolling conditions (0% SRR) [43]. More recently, a ball-on-
disc tribometer was used to investigate the formation rate of tribo�lms formed by ZrO2 dispersed in PAO4
at SRR 50% and over a range of applied loads in the boundary lubrication regime [44]. A linear correlation
was found between the tribo�lm growth rate and the applied normal load supporting the hypothesis of a
tribosintering process of ZrO2 tribo�lms.
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In this work, we evaluate the performance of the capped ZrO2 NCs under severe rolling-sliding contact
conditions. Using a micro-pitting rig (MPR) tribometer, a low viscosity base oil (PAO4) is tested with and
without ZrO2 NCs, each at two SRR levels. In-depth cross-section analyses combining focused ion beam
(FIB) with analytical TEM techniques are used to investigate the ability of ZrO2 NCs to prevent surfaces
from rolling contact fatigue including wear, cracking, and micro-pitting.

Experimental
Lubricants

The base oil used for the experiments was a polyalphaole�n (PAO4) synthetic oil, with a reported
kinematic viscosity of 4 cSt at 100°C, along with a 5 wt.% alkylated naphthalene (AN) co-solvent
(ExxonMobil Chemical Co., Spring, TX).

The commercially-available ZrO2 nanocrystals were synthesized using a patented solvothermal technique
[45-46] which yields single-crystal ZrO2 nanocrystals (Pixelligent Technologies LLC, Baltimore, MD,
PixClear PC14-10-L01). Their structure and size were found to be crystalline with a nearly uniform
diameter of 5 nm [40-43]. To enhance their dispersibility in oil, the NC’s surfaces are treated and capped
(functionalized) with an organic ligand to improve their dispersion stability in oil. The NC’s dispersion was
prepared by adding to base stock, 1 wt.% of ZrO2 NCs, using the same method described previously [40-
41-47]. No other co-additives were added to the tested oil dispersions in order to investigate the intrinsic
action of ZrO2 NCs without the effects of co-additives. The dispersions are optically clear with no
measurable aggregation [41-47], and stable for years. 

Micro-pitting tests

All testing discussed in the current work was conducted on a PCS Instruments micro-pitting rig (MPR).
This rig utilizes a three ring-on-roller splash-lubricated line contact to study bearing and gear failure
modes at an accelerated rate. The three outer rings and a central roller are operated using two separate
motors. Therefore, variable levels of slip, ranging from pure rolling to pure sliding, can be studied.
Additionally, the load, contact temperature, rolling speed, and therefore lubricant �lm thickness can be
controlled. The test specimens were composed of AISI 52100 through-hardened martensitic steel. The
Rockwell C hardness of the rollers and rings were measured as 60 and 63 respectively. The central test
roller is the specimen of interest for the current work; the roller is 12 mm in diameter and has a central 1
mm wide test track. An image of the roller is shown in Figure 1. Based on the geometry of the contact, the
speci�c contact conditions, and the viscosity of the lubricant, the lubricant �lm thickness can be
calculated for each test using the modi�ed Dowson-Hamrock equation given in Eqn. 1. 
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Within this equation hmin is the minimum �lm thickness between the two contacting bodies, U is the
dimensionless speed parameter, G is the dimensionless material parameter, W is the dimensionless load
parameter, and Rr is the reduced radius which is determined by the size of the two bodies in contact. This
lubricant �lm thickness can then be used in conjunction with the compound roughness of the two
surfaces to de�ne the speci�c �lm thickness lambda; this calculation is shown in Eqn. 2.

Within this equation, hmin is the minimum �lm thickness calculated in Eqn. 1, and Rc
 is the composite

RMS roughness of the two contacting services. The speci�c testing parameters used for the experiments
discussed in the current work are shown in Table 1. The methodology for selecting these three testing
conditions for FIB/TEM analysis is as follows. Tests 1 and 2 are designed to investigate the effect of
incorporating ZrO2 into a representative gear contact; Tests 2 and 4 can be compared to understand
differences in tribo�lm morphology in the presence of slip; and Tests 2 and 3 are designed to investigate
the surface damage of rollers and tribo�lm morphology as function of test duration.

Experiment
#

Load 

(N)

Maximum
Contact Stress
(GPa)

Lubricant SRR
(%)

Composite
Roughness Rc
(nm)

λ Total
Testing
Time
(Hours)

1 200 1.2 PAO 4 30 655 0.3 119 

2 200 1.2 PAO 4 + 1
wt.% ZrO2

30 651 0.3 119

3 200 1.2 PAO 4 + 1
wt.% ZrO2

30 645 0.3 4

4 200 1.2 PAO 4 + 1
wt.% ZrO2

0 292 0.6 24

Table 1: Summary of MPR testing conditions at 200 N applied load, 2 m/s rolling speed, and 70 °C           

Optical microscopy 

Micro-pitting and wear damage of roller and rig surfaces were assessed using a standard optical
microscope in bright �eld mode Olympus, STM6. An optical interferometer was used to measure the
evolution of the surface roughness before and after testing Bruker, ContourGT-K.

Ion beam milling 

TEM cross-sectional samples on roller surfaces were prepared using FEI Strata 235 FIB-SEM focused ion
beam (FIB) instrument. A transverse cut was performed on the worn surface to obtain a cross section
approximately 100 nm thick. Platinum layers were previously deposited on the worn track to preserve the
surface from nanomachining by Ga+ ion beam.



Page 7/30

Analytical TEM 

TEM observations were performed on a JEOL 2010F �eld emission gun operating with a 200 kV
accelerating voltage equipped with energy dispersive spectroscopy (EDS) and equipped with GATAN
Imaging Filter (GIF200). 

Results
1) Micro-pitting rig (MPR) test results 

1-1) Performance of ZrO2 dispersion against wear and micro-pitting damage at 30% SRR

First, we discuss MPR tests carried out at 30% SRR to investigate the in�uence of adding ZrO2 NCs to
base stock on the evolution of wear and micro-pitting of roller surfaces. Representative optical
micrographs showing the wear track of the roller used in Experiments 1 and 2 at numerous temporal
points throughout testing are shown in Fig. 2. This �gure clearly illustrates that the use of a lubricant
containing 1% wt. ZrO2 nanocrystals leads to the formation of a robust tribo�lm as indicated by the blue-
brown coloration of running track; the color is due to optical interference from the translucent ZrO2 �lm.

Small surface pits can be seen in some of the images. These pits were far more prevalent in the PAO 4
case than in the PAO 4 +1% ZrO2 case, with counts of 85 surface pits, and 40 surface pits respectively,
over the entirety of the wear track. Additionally, the pits that were observed in the PAO 4 case were
signi�cantly larger than those observed in the PAO 4 + 1% ZrO2. To illustrate this, optical microscopy
measurements of the pitted area for the three largest spalls were taken. The three largest pits for the PAO
4 + 1% ZrO2 had areas of approximately 7300, 6300, and 5900 µm2, while the three largest pits within the

PAO 4 had areas of 7400, 5000, and 3500 µm2. The largest pit in the PAO was an order of magnitude
larger than the largest pit when the ZrO2 nanocrystals were included. These pits constitute regions where
surface cracks have initiated and propagated through the near surface region, likely driven by 30% SRR
used during testing. It is important to note that in this orientation, the roller is acting as the follower;
thereby accelerating surface initiated rolling contact fatigue [6-48]. The hypothesis for this difference in
number and size of surface-initiated pits will be discussed in detail later. 

The wear characteristics of Experiments 1 and 2 were also quanti�ed by taking measurements of the
track width at four locations, each separated by 90 degrees from one another on the roller. These
measurements were taken at �ve temporal points throughout the tests. The wear track widths were then
converted to wear volumes based on the known geometry of the roller specimens. The results of this
analysis are shown in Fig. 3. From this �gure, it can be observed that the PAO 4 + 1% ZrO2 resulted in
signi�cantly more polishing during the run-in period of the test, when compared to the PAO 4 sample.
However, after this run-in period, the PAO 4 + 1% ZrO2 showed no further observable wear between the
20h and 119h step, whereas the PAO 4 sample continued to wear during this period. The increased
polishing observed within the run-in of the PAO 4 + 1% ZrO2 sample is likely a primary driver in the

https://www.sciencedirect.com/topics/engineering/accelerating-voltage
https://www.sciencedirect.com/topics/engineering/energy-dispersive-spectroscopy
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decreased surface pitting observed during this test. This is due to the fact that this formulation will lead
to the removal of asperities that could interact leading to cracking. Moreover, once a fully developed
tribo�lm forms, it adequately protects the samples against any further wear damage, as indicated by the
lack of wear observed between 20 and 119 hours for the PAO 4 + 1% ZrO2 sample.

1-2) Behavior of ZrO2 NCs at pure rolling conditions

In order to study the effect that surface shear and slip have on the ZrO2 NC’s ability to form a tribo�lm,
Experiment 4 utilized pure rolling conditions and stopped at different duration intervals up to 24h. Figure
4 shows the evolution of the roller’s surface at different test intervals. A tribo�lm formed at pure rolling
conditions is visible by optical imaging as early as 15 min. of testing (143,000 cycles). As shown in
Figure 5, this initial �lm is in a transient state of formation, as it does not cover the entirety of the surface.
The �lm continues to grow over time, and becomes more uniform throughout the entirety of the 24 hour
test (13.8 million cycles). These results con�rm the ability of ZrO2 NCs in base oil to rapidly form a
tribo�lm under MPR contact conditions regardless the SRR ratio (30% vs 0%). Unlike the other additives
such as ZDDP [49], shear stress is not required for nucleating and growing ZrO2 tribo�lms.

2) TEM characterizations of roller surfaces

Three TEM lamellae were removed from the surface of rollers lubricated with dispersion containing the
ZrO2 NCs using FIB technique, as shown in Fig. 6. The TEM lamella extracted from Experiments 2 and 3
were compared to study the effect of testing time on tribo�lm morphology. The lamellae extracted from
Experiment 4 (pure rolling) can be compared to the aforementioned two tests to see the effect that slip
and tractive forces have on the formation of the tribo�lm.

Figure 7 shows TEM micrographs taken at different magni�cations of the roller surface tested under 30%
SRR for a duration of 4h (Experiment 3). These micrographs are representative of the entire examination
of the cross-sectional lamellae via TEM. A tribo�lm with a thickness of approximately 100 nm is observed
on the surface of steel. The tribo�lm has a sharp interface with the steel surface, indicating that polishing
of the asperities occurred prior to the �lm growth, consistent with the optical microscopy, and also
indicating a uniform and potentially well-adhered interface devoid of gaps. The subsurface (depth up to
500 nm from the surface) did not exhibit signs of fatigue damage except the presence of a small amount
of delamination of the steel surface of approximately 10 nm depth and 100 nm length (Fig. 8) and the
presence of regions with darker contrast (Fig. 7a and 7b). The darkened contrast is typical of plastically
deformed metals with a high density of dislocations within the grains located under the sliding interface
[50].

As clearly seen in Fig. 7c, the tribo�lm exhibits a highly dense polycrystalline microstructure, free of voids
and cracks. TEM-based EDS pro�les and atomic quanti�cation from spot analysis (Fig. 9) show that the
tribo�lm is composed mainly of zirconium (Zr) and oxygen (O). Moreover, the tribo�lm is nearly free of
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carbon, demonstrating that the organic capping agents have been largely removed, and that hydrocarbon
species from the PAO have not been incorporated into the �lm.

To verify the integrity of the ZrO2 tribo�lm at longer term, a cross-sectional lamella extracted from a
surface roller after 119 h of testing was examined. Fig. 10 revealed the presence of a tribo�lm covering
the steel surface, which is present along the entire cross-sectional sample. The tribo�lm has similar
characteristics to that of the roller after 4h of testing, which con�rm the robustness and persistence of the
formed tribo�lm under pressure and shear stresses induced by the rolling-sliding contact up to 119 h of
testing. However, as can be seen in Fig. 11, a portion of the near surface material was subjected to visible
fatigue involving different damage features. Fig. 11c shows a zoomed-in part of Fig. 11a where a
partially delaminated region of the steel is surrounded by the tribo�lm. The partial delamination occurs in
the longitudinal direction (perpendicular to the rolling direction), a few tens of nanometer from the near
surface material. The ZrO2 NCs have penetrated deep inside the crack underneath the partially
delaminated region, as can be seen in Fig. 11 a and c, and in Fig. 12. This �lling in may help in limiting
the delamination process. Also, in Fig 11 b and c and the region in Fig 11 a between them, a bright band
between the tribo�lm and the steel substrate is seen, which may indicate delamination of the tribo�lm
itself from the steel. In Fig. 11 d, both the near surface material and the tribo�lm (as indicated by the
bright band in the brighter tribo�lm region, which is a sign of reduced density or a gap in the material)
seem to be undergoing cracking, induced by applied stresses. In addition, Fig. 11 e illustrates a possible
location of steel detachment, as indicated by the sloped region leading up from the crack below, as if
there had been a partial delamination followed by fracture of the overhanging portion of the steel. A
subsurface crack is seen oriented at an angle of approximately 10° to the surface.  This region may shed
light on the pit formation process.

The pixel reconstruction of EDS chemical mapping (�g 13b) recorded on the region of the cross-section
around a partially delaminated region reveals that the bright areas surrounding the delaminated steel
layer visible in Fig. 13a are rich in manganese (Mn), sulfur (S) and chromium (Cr), in addition to the
expected elements (Fe, O and Zr) detected from the steel delaminated layer and the ZrO2 tribo�lm. In
order to verify if the different surface alterations taking place on the roller during the 119h of testing are
related to an unusually high concentration of Mn, S and Cr, all of the cracked and partially delaminated
areas observed within the TEM lamella were investigated by EDS. Figure 14 illustrates a typical EDS
pro�le recorded across a crack covered by a tribo�lm. As expected, the tribo�lm is rich in Zr and O while
the steel substrate is mainly composed of Fe. The inside crack appears to be rich in Mn and S elements
as attested by the sudden increase of their concentrations through the EDS pro�le (Mn and S peaks).
These results provide evidence that cracks in the steel are initiated preferentially at heterogeneous
nucleation sites rich in Mn and S. Atomic quanti�cation from EDS analyses recorded on the steel
substrate and inside cracks as illustrated in Fig. 15 show that the concentration of both Mn and S in
these sites is signi�cantly higher than in steel and are in the order of respectively 9 % and 6% while their
concentration did not exceed 0.5% in steel. This suggests that the cracking observed in the surface was
due to the presence of near surface manganese sul�de inclusions. These are relatively common in AISI
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52100 steel. We note that this can also occur by interaction of S-containing EP additives at high
pressures with the steel [21]; however, no such additives are present in these experiments.

The surface roller tested at pure rolling condition (Experiment 4) was also analyzed in TEM. As seen in
Fig. 16, a tribo�lm of a thickness varying between 50 and 70 nm is covering the steel surface all along the
TEM lamella. This tribo�lm is found to have a slightly lower thickness compared to the ones obtained at
SRR 30%. Furthermore, no damage was detected in the near subsurface up to 500 nm depth. This
suggests that the ZrO2 NCs can form a protective tribo�lm regardless the SRR ratio, and that this tribo�lm
once formed maintain its integrity.

Discussion
The aim of this work was to investigate the effect of ZrO2 NCs as lubricant additives on the fatigue and
wear of surfaces under rolling-sliding contact conditions. 

The results clearly demonstrate the bene�cial effect of ZrO2 NCs in limiting the propagation of micro-
pitting when used as additives in base stock. TEM images and EDS analyses of the cross-sectional FIB
samples con�rmed the ability of ZrO2 NCs to form protective and robust tribo�lms of approximately 100
nm in thickness. The tribo�lms exhibit dense and polycrystalline texture indicating a signi�cant in�uence
of compaction and sintering of ZrO2 NCs under stress. They were also found to be composed mainly of
Zr and O. A sharp interface is observed between the steel substrate and the tribo�lm indicating a
polishing effect of the asperities during the running in phase. The EDS pro�le shows that the content of
iron (Fe) in the tribo�lm increases when approaching the interface with steel. This suggests that some
wear debris from the steel substrate generated during the running-in phase of the test could be involved in
the nucleation process of ZrO2 tribo�lms. However, the shape of the EDS pro�le at the interface may also
arise from the �nite size of the beam (a few nanometers) and also affected by artifacts such as the tilt of
lamellae, or waviness of the interface along the direction of the beam (such that the beam samples some
of the substrate and the tribo�lm when imaging close to the interface). Hence, further characterization
such as the use of ToF SIMS to determine the composition of the tribo�lm at the interface would better
elucidate the role of wear debris in the nucleation process of the tribo�lms.

These characteristics are found to be common to the tribo�lms generated at both 0% and 30% SRR which
highlight that shear stress is not necessary to the growth process of ZrO2 tribo�lms. Hence, the potential
of ZrO2 NCs to form protective tribo�lms with similar characteristics in term of structure and composition
despite the SRR is an advantage compared with ZDDP. Indeed, the growth mechanisms of S-P additives
such as ZDDP have been extensively investigated in the literature and it has been shown that shear stress
is essential to nucleate and grow tribo�lms derived from ZDDP [49-51]. As well, the lubrication
mechanisms of other NP additives were found to be governed by the shear stress such as for IF-MeS2

(Me=Mo and W) NPs. Their �lm formation mechanism is based on an exfoliation process of their outer
layers, which is found to be active only under the combined effect of pressure and shear stress [52-53].
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TEM examinations of the near subsurface (> 500 nm) of the roller tested under pure rolling for 24h
 (Experiment 4, Fig. 16) con�rmed the absence of any fatigue damage. Neither cracks nor micro-pits were
observed. Under the more severe conditions (Experiment 3, 30% SRR), the near surface material of the
roller tested for 4h (Fig. 7-9) has only limited plastic deformation and/or microstructural distortion,
although, as only one example of delamination of steel was observed in the lamella (Fig. 8). Moreover,
the presence of ZrO2 tribo�lm around it suggests the ZrO2 may have helped stop its propagation.
Furthermore, the sharp interface between steel surface and the formed tribo�lm suggests a polishing
effect of asperities prior to the growth of the tribo�lm. Such wear may be bene�cial, because it leads to a
smoothing of the rough counter-face resulting in less stress concentrations.

For the longer-term test of 119h at 30% SRR (Experiment 2), the TEM results con�rm the presence of ZrO2

tribo�lm with a thickness varying between 30 nm and 100 nm, and with similar structure and
composition as the one observed after 4h of testing. This suggests that the tribo�lm, once formed,
maintains a consistent morphology in the presence of cyclic stresses. This idea is consistent with in-situ
measurements of ZrO2 tribo�lm growth in PAO and other lubricants via AFM [40-41-42] where �lms
progressively grow until they reach their maximum thickness, at which point the height �uctuates
modestly as sliding proceeds. We note that mini-traction machine (MTM) experiments with in-situ spacer
layer imaging (SLIM) thickness measurements have indicated some amount of removal as the �lm �rst
forms, but then the thickness stabilizes [44-47-54].

Nevertheless, some regions of the tribo�lm exhibit localized damage features such as delaminated layers
and cracks (Fig. 11). These damage features exist close to the surface with a depth in the range of 20 nm
to 200 nm, and an angle to the surface between 0° and 10°. They are surrounded by the ZrO2 tribo�lm at
their upper side (Fig. 13, 14, and 15), and their inside is �lled with ZrO2 NCs (Fig. 12); the contrast of this
ZrO2-containing region is different from the tribo�lm, indicating that it is composed of individual NC’s that
have not been sintered (or are only partially sintered) due to being subject to less contact pressure for less
time than the tribo�lm. They may be initiated mainly under the action of shear (Fig. 11d), as suggested by
their longitudinal orientation. This may be explained by the fact that ZrO2 tribo�lms did not provide
enough relaxation of the contact shear stresses, due to their high mechanical hardness and modulus [41].
The addition of an effective friction modi�er additive to the ZrO2 dispersion may improve micro-pitting
through reducing friction and shear stress, which can likely reduce crack opening and propagation. For
example, Lainé et al. [55] have shown that the micro-pitting damage encountered with ZDDP can be
greatly reduced when the friction modi�er MoDTC is also present. They suggest that the observed
improvement is attributed to the reduced asperity friction by a mechanism involving local deposition of
MoS2 leading to lower tensile stresses and an increase in critical crack size for propagation. This may be
a worthy topic for future study. 

EDS analyses revealed an unexpected high concentration of Mn and S close to the cracks and
delaminated areas (Fig. 13-14-15). This high concentration was systematically observed close to all of
the damage features existing on the TEM lamella of the roller tested at SRR30% for a duration of 119h
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(Experiment 2), demonstrating that the initiation of subsurface damage was directly connected with
heterogeneous sites in steel. Surveying the literature, it has been reported that MnS inclusions in steel can
act as crack initiation sites under high enough contact stress [56-57-58-59]. It has been found that during
quenching of bearing steel, the different thermal contraction rates of the bulk material and MnS
inclusions may weaken the bond between the inclusion and the surrounding bulk material, or possibly
lead to the creation of free surface at the inclusion/steel boundary [50]. These free surfaces are potential
sites for inclusion separation from the bulk material and for initiating cracking under cyclic loading [60-
61]. Furthermore, even thin and �attened MnS inclusions may act as stress concentrators that may
initiate cracks [62]. Considering that the damage features were localized near the surface of steel (in the
range of 10 nm to 200 nm) (Fig. 11), it appears that MnS inclusions were present near the roller’s surface.
Hence, a possible scenario for the crack/delamination shown for example in Fig. 13 could be related to
the presence of a MnS inclusion towards the end of the crack tip, possibly located in the region denoted
by the dashed oval. This inclusion could have acted as a stress concentrator that initiated the crack itself.
Once the crack interacted with the inclusion, it allowed for the inclusion to deform as MnS inclusions are
relatively soft, and be transported into the lubricant during the test. As the inclusion escapes it is sheared
across the crack faces, leaving a MnS-rich coating on the entire inside of the crack face. The ZrO2 then
�lled the void left by the inclusion as can be seen in Fig. 13. Recent work has shown that Mn has a strong
a�nity for the ZrO2 surface, and this may further promote stress-assisted transport of Mn along the steel-
ZrO2 interface [63]. Another argument to explain the high concentration of Mn and S elements within the
face of cracks is that these two elements diffusively migrated from the steel itself to the crack tip due to
crack face rubbing and subsequent energy localization. This hypothesis is almost certainly energetically
impossible, given that the diffusion of these two elements in steel is extremely di�cult. It was estimated
that it would take weeks at temperatures of over 400°C to get these elements to migrate from the
surrounding regions [64]. Moreover, the amount of Mn and S within the steel (not precipitated as
inclusions) is extremely small; therefore, the atomic levels given within the TEM-EDS analysis (Fig. 15)
almost certainly require the presence of an inclusion. Finally, we consider the possible impact of FIB
processing, where an inclusion could be milled away during the last steps of thinning that distributed the
atoms of the inclusion to surrounded region. While possible, this is unlikely since, if this was the case, Mn
and S elements would be distributed across the entirety of the tribo�lm, as opposed to concentration in
the crack tip as con�rmed the EDS results. These results shed the light on the role of the inclusions and
more generally the microstructure of steel on the fatigue damage of surfaces under rolling-sliding cyclic
contact. 

Conclusion
In summary, the role of ZrO2 NCs in LV base stock in preventing surfaces tested under rolling-sliding
contact conditions from fatigue damage and wear was investigated using a micro-pitting rig. FIB sample
preparation and TEM techniques were used to analyze the surface of rollers lubricated with a 1 wt.% ZrO2

dispersion and tested at two different levels of SRR (30% and 0%) and at different test durations (4h, 24h
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and 119h) under a maximum Hertzian stress of 1.2 GPa. The major conclusions of this work were as
follows:

- The LV base stock containing 1 wt.% ZrO2 provides a protection against surface fatigue through a two-
step mechanism. During the running-in phase, ZrO2 NCs contribute to increase the wear rate in
comparison with the PAO4, which results in an accelerated asperity polishing and therefore, potentially a
mitigation of the initiation of surface cracks. Then, during the steady state phase, between 20h and 119h,
no observable wear occurred while the surfaces lubricated with PAO4 continued to wear, attributed to the
presence of the ZrO2 tribo�lm protecting the surfaces from wear.

- The roller surface lubricated with PAO4 + 1 wt. % ZrO2 showed signi�cantly fewer and smaller pits in
comparison with rollers lubricated with PAO4. This is attributed to the combined effect of decreasing the
severity of the contact through tribo�lm growth and the ingress of NCs into the surface cracks.

- ZrO2 NCs form dense, tribo-sintered surface-bound tribo�lms regardless the rolling-sliding ratio and the
testing duration.

- Evidence suggests that the initiation of cracks is directly connected with the presence of heterogeneous
MnS inclusions in standard AISI 52100 steel which highlights the impact of the microstructure of tribo-
pair surfaces on their longevity. 
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Figure 2

Optical micrographs of roller surfaces tested at 30% SRR and lubricated with PAO4 (top row, from
Experiment 1) and PAO4+1% ZrO2 (bottom row, from Experiment 2) at 1h, 4h, 20h and 119h of testing
respectively. In the ZrO2 lubricated contact, cracks and pits did not propagate and in some cases, they
were recovered, while in PAO4 lubricated contact, cracks and pits that propagate were observed. The
rolling direction in the images is top to bottom, and the images are not taken at the same location of the
wear track.
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Figure 3

The wear characteristics of Experiments 1 and 2, which utilized identical running conditions to study the
effect of incorporating 1% wt. ZrO2 NCs into PAO 4 base oil. The lubricant containing the nanocrystals
runs in at an accelerated rate, resulting in polishing and potentially mitigating the initiation of surface
cracks. After this initial run-in period, the sample was adequately protected by the tribo�lm and the wear
halted.

Figure 4

Optical micrographs of roller surfaces tested at pure rolling and lubricated PAO4+1% ZrO2, from
Experiment 4. The observations were made before testing and after 15min, 1h, 4h, and 24h of testing.
Rolling direction: top to bottom. After 15 min. of testing, the machining grooves (from the original
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roughness of the specimen) start to disappear, leading to the formation of a tribo�lm (brown and blue
spots)

Figure 5

Zoom in on the surface contact region of the roller from Experiment 4 (PAO4 + 1 wt.% ZrO2) after 15 min.
of testing, highlighting the formation of a tribo�lm (indicated by the presence of brown and blue regions).
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Figure 6

a) SEM micrograph of the lamella extracted from Experiment 3, which is representative of each of the
lamellae extracted. The rolling direction is into the plane of the image. b) Zoom in of a), indicating the
orientation of FIB cut.

Figure 7

Cross sectional TEM micrographs of a roller surface lubricated with PAO4+1% ZrO2 at 30% SRR after 4h
of testing (Experiment 3). (a) Overview showing a continuous and thick tribo�lm (100 nm), note that the
platinum is deposited to protect the tribo�lm from ion milling. (b) Zoom in of the red box on (a) showing
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a polished and sharp interface between steel and tribo�lm suggesting the polishing of asperities prior to
�lm formation. (c) High resolution TEM image and Two-dimensional fast Fourier transform (FFT)
analysis showing the dense and crystalline structure of ZrO2 tribo�lm.

Figure 8

Cross sectional TEM micrograph of a roller surface lubricated with PAO4+1% ZrO2 at 30% SRR after 4h of
testing (Experiment 3) showing the presence of a small longitudinal delamination of the steel surface of
10 nm depth. The inside crack is �lled with the tribo�lm. Note that no other cracks were observed in the
lamella.
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Figure 9

(a) EDS pro�le showing the relative content of oxygen, zirconium, iron and platinum within the TEM
cross-section depth of the PAO4+1% ZrO2 at 30% SRR after 4h of testing (Experiment 3). (b) STEM
micrograph indicating the line scan of the pro�le, and the location selected for spot analysis. (c) Table
showing atomic quanti�cation of the tribo�lm composition from the spot analysis.
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Figure 10

Cross sectional TEM micrograph illustrating an intact portion of the roller surface lubricated with
PAO4+1% ZrO2 at 30% SRR after 119h of testing (Experiment 2). The ZrO2 tribo�lm is covering the steel
surface. No visible damage of the near subsurface (300 nm) is observed.

Figure 11
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Cross sectional TEM micrographs from a roller tested at 30% SRR during 119h using PAO4+1% ZrO2
lubricant (Experiment 2). (a) Overview of a part of the TEM lamella showing alterations of the sub-surface
of the roller. (b) Illustration of areas protected by ZrO2 tribo�lm without any subsurface damages. (c) and
(d) Delamination of a steel layer giving rise to a longitudinal crack. ZrO2 nanocrystals enter into the crack
and stop its propagation. (e) shear-induced cracking of the tribo�lm. (f) Lateral surface crack.

Figure 12

TEM micrograph illustrating the ability of 5 nm ZrO2 NCs to penetrate well inside the cracks. From
Experiment 2.
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Figure 13

Cross sectional TEM micrograph from a roller tested at SRR 30% after 119h (Experiment 2) and its
corresponding pixel reconstruction of a chemical mapping. (b) The pixel reconstruction is showing 4
phases: in red (the protective platinum coating), in yellow (the ZrO2 tribo�lm), in blue (the steel substrate)
and in green (phase around the crack rich in manganese, sulfur and chromium). The dashed oval in a)
indicates the possible location of a MnS inclusion.

Figure 14

EDS depth pro�le across the subsurface crack observed in (b) showing a pic of Mn and S in the bright
area inside the crack. The red arrow indicates the scan line of the pro�le. From Experiment 2.
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Figure 15

Atomic quanti�cation of the composition of the inside crack areas in comparison with the composition of
the steel substrate and ZrO2 tribo�lm. From Experiment 2.

Figure 16

Cross sectional TEM micrographs from a roller tested at 0% SRR for a duration of 24h From Experiment
4. The zirconia tribo�lm of a thickness of 70 nm ensures the roller surface integrity: absence of any
damages or subsurface cracks. Note that the interface of steel is not as sharp as the ones tested at SRR
30%.
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