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Abstract

Realizing the efficiency benefits of low viscosity lubricants requires novel strategies to avoid failures resulting from increased
boundary contact. Zirconium dioxide (ZrO,) nanoparticles (NPs) form protective tribofilms through tribosintering at lubri-
cated contacts in pure hydrocarbon base oils, suggesting they hold promise for reducing boundary contact-induced failures.
However, their tribological behavior alongside co-additives found in fully formulated oils has not been examined in depth.
Here, the macroscopic tribological performance of dispersed ZrO, NPs (1 wt% loading; 5 nm diameter nearly spherical
ZrO, tetragonal phase NPs with organic capping ligands for oil solubility) with and without the presence of co-additives
found in fully formulated commercial gear oils was studied using a mini-traction machine (MTM). The results show that
Z1O, NPs reproducibly develop surface-bound ~ 100 nm thick tribofilms on both contacting surfaces under a wide range of
rolling-sliding contact conditions, from 0 to 100% slide-to-roll ratio. Steady-state traction coefficient values of ZrO, tribofilms
formed alongside co-additives (0.10-0.11) do not substantially differ from ZrO, tribofilms formed in neat polyalphaolefin
base oils (0.10-0.13). However, there is improvement in the tribological performance of the contact, with at least a twofold
reduction of wear of the steel. This behavior is proposed to be a result of cooperating mechanisms, where the extreme pres-
sure additives adsorbed on the steel surfaces protect them against early adhesive wear, during the time that a protective ZrO,
tribofilm incorporating the co-additives forms on the steel surfaces, preventing further wear.
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1 Introduction
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article (https://doi.org/10.1007/s11249-020-01346-1) contains In the pursuit of higher vehicle efficiency, lower viscosity
supplementary material, which is available to authorized users. lubricants are an important and widely targeted means of

reducing viscous losses. For hypoid gears in automotive
rear axles alone, power losses heavily depend on lubricant
viscosity [1], to the extent that lower viscosity gear oils
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quads) [3], so with about 53% being used for transportation
[4], a 2.5% fuel savings would translate to a reduction of
about 2.8 EJ per year globally.

However, these energy-saving, low viscosity lubri-
cants first require the advancement of antiwear (AW) and
extreme pressure (EP) additives, compounds added to oils
which improve the protection of parts in sliding contact
against failure modes including wear, scuffing, pitting, and
micropitting. Lowering the viscosity of lubricants shifts the
lubrication regime from elastohydrodynamic lubrication
(EHL) towards the mixed and boundary regimes of con-
tact, increasing the frequency and severity of surface con-
tact [5]. Common practice to protect moving components
from these lubrication regimes is to enhance the base stock
with co-additives [6—8]. Thus, fully formulated oils include
(alongside a number of other additives) antiwear (AW) and
extreme pressure (EP) additives to combat wear and scuff-
ing. Automotive gear oil AW and EP additives comprise
primarily organic compounds including sulfurized olefins
such as sulfurized isobutylene or dialkyl pentasulfide and
phosphorus-containing compounds such as tricresyl phos-
phate (TCP) [6-9]. Under the normal operating conditions
for high contact stress and high sliding components like
hypoid gears, such formulations perform well. However, the
increased frequency and severity of mixed and boundary
contact conditions that comes with low viscosity lubricants
necessitates more durable AW and EP additives, or adopting
alternate strategies altogether [2].

Nanoparticle (NP) additives, which are most often inor-
ganic-based, offer a route to more durable protection against
failure [10-12]. Extensive possibilities exist for tuning NP
chemical composition, physical structure, and lubricating
mechanisms [10, 12]. Dai et al. [11] identified seven cat-
egories of NP lubricant additives based on composition, and
summarized the proposed mechanisms for explaining their
tribological performance: laminar sliding of nanosheets;
tribofilm formation and adsorption layer formation, which
directly alter surface properties and interfacial interactions;
shift of the dominant frictional mode from sliding to rolling
of NPs; surface repair; and a number of synergistic effects
and tribochemical reactions [10, 11]. Any of these beneficial
mechanisms, though, do not come without careful consid-
eration of the possible negative impacts of NPs. Effective
use of NPs has to surmount challenges such as dispersion
stability and abrasiveness [13], and interactions with co-
additives required in a fully formulated commercial lubricant
can problematic.

Of the work reviewed by Dai et al. [11], the largest
category of NP additives are metal oxides. Zirconium
dioxide (ZrO,) is a particularly attractive additive can-
didate because its high refractive index enables optically
clear dispersions [14, 15], allowing end users to esti-
mate oil quality visually. In tribological measurements,
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macroscale tests demonstrate the potential for ZrO, NP
additives [15-18]. Two recent studies [15, 16] focused
specifically on ZrO, NPs comprised 5 nm diameter parti-
cles with organic ligands bound to the NP surface. Avail-
able commercially with high chemical and phase purity
and monodispersity, dispersions of these nanoparticles
in lubricant base stocks exhibited stability over extended
time periods (more than 4 years), in contrast with many
other nanoparticles used as oil additives where frequent
stirring is required to prevent settling. When suspended
in base oil at loadings as low as 0.1 wt%, ZrO, additives
formed dense, solid, surface-bound tribofilms during mini-
traction machine (MTM) tests [15].

In nanoscale tribological tests [16], in situ colloidal probe
AFM drove and monitored ZrO, tribofilm growth in a poly-
alphaolefin (PAO) base oil. With the tribofilm growth rate
increasing approximately linearly with contact pressure, a
tribosintering mechanism [19] was proposed for film for-
mation [16]. Moreover, tribofilms developed for all tem-
peratures studied, from —25 to 100 °C, a desirable and wide
temperature range for such additives [16]. For example, zinc
dialkyldithiophosphate (ZDDP) tribofilms require tempera-
tures of > 50 °C to form durable films [20]. As well, the ZrO,
NP tribofilms were shown to form on a range of substrates,
and consisted almost purely of ZrO, [16, 21]. The latter
observation shows that tribofilm formation does not require
substrate wear, and involves removal of the organic ligands
from the surface of the ZrO, NPs.

However, these prior studies have only been carried out
in pure base oils and thus have not examined the influence
that co-additives have on ZrO, NP tribofilm formation.
Interactions between other NPs and co-additives has been
examined in recent studies. For example, Acharya et al. [22]
and Khajeh et al. [23] studied the synergistic interactions
between organic molecules and NP additives in the forma-
tion of a thermal reaction film of tricresyl phosphate with
diamonds NPs. Synergistic or cooperative interactions are of
course not guaranteed in general, and antagonistic interac-
tions are often seen between commercial additives, setting
limits on treat rates of such additives and the conditions and
applications for which they can be used [24]. A key example
is the known antagonistic interaction in engine oils whereby
molybdenum-based friction modifiers like molybdenum
dithiocarbamate (MoDTC) inhibit the growth of ZDDP-
derived AW films, limiting the amount of MoDTC that can
be used to reduce friction [25, 26].

To understand the influence that ZrO,-co-additive inter-
actions have on the tribological performance of dispersed
Zr0O, NPs, this study focuses on the behavior of ZrO, NP
tribofilms in a fully formulated gear oil. A mini-traction
machine (MTM) was used to mimic the macroscopic contact
of bearings or gears under mixed rolling-sliding conditions.
Holding the NP concentration constant (1 wt%), the effect
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of both lubricant viscosity and the presence of co-additives
were examined for a series of slide-to-roll ratios (SRRs).

2 Experimental Methods
2.1 Lubricant Samples

Pixelligent Technologies LLC provided a series of oil for-
mulations for tribological testing. Synthesis of these ZrO,
NP additives (PixClear PC14-10-L01) were based on pat-
ented solvothermal techniques [27, 28], resulting in highly
crystalline ZrO, nanocrystals with an average diameter of
5 nm, as determined by transmission electron microscopy
(TEM) (Fig. 1a). These NP’s are then capped (functional-
ized) with a proprietary blend of organic ligands to create
monodispersed, stable, and optically clear dispersions in a
variety of oil formulations. Capping agents, both free and
on the nanocrystals, have no additional functionality outside

Intensity (%)

(b) 35

25
20
15

30 1

10 1t

5

0 —MW

of the head group that bonds to the nanocrystals (they are
non-polar). Dynamic light scattering (DLS) of capped ZrO,
NPs is measured at 5 wt% concentration in toluene accord-
ing to the quality control method developed for the com-
mercial product (using organic solvents, in this case toluene
for a non-polar nanocrystal). While there would likely be
a difference in solvation shell size if DLS measurements
were performed for the nanocrystals in, e.g., base oil, the
core ZrO, NP size would remain the same, separately veri-
fied to be 5 nm by TEM. Figure 1b is a typical DLS inten-
sity plot that shows a narrow particle size distribution, with
average capped NP size of 9 nm and Dv (99.99) of 18 nm,
and showing no aggregation of the ZrO, NPs. This aver-
age capped NP size of 9 nm represents the hydrodynamic
size of the solvated NPs and ligands, in that as-capped and
dispersed the 5 nm ZrO, nanocrystals are surrounded by
a 2 nm ligand/solvation shell. These ZrO, NPs are highly
crystalline as shown in the X-ray dispersive (XRD) measure-
ment in Fig. 1c. XRD peaks match the Powder Diffraction

0.1 1 10 100
Diameter (nm)

1000 10000

(c)

500

400

300

Intensity (Counts)

200

100

01-088-1007> ZrO, — Zirconium Oxide

Two-Theta (deg)

Fig. 1 TEM image a of ZrO, nanocrystals, with high resolution inset. b DLS intensity plot of capped ZrO, nanocrystals at 5 wt% in toluene. ¢
XRD pattern of ZrO, nanocrystals overlaid with the PDF lines of tetragonal ZrO,
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File (PDF) card 01-088-1007, which is for the tetragonal
phase of ZrO,. Note that fine splitting of each peak, expected
for a bulk sample, is not seen due to the well-known peak
broadening that occurs in XRD when sampling nanoscale
crystallites [29]. Crystallinity of the nanocrystals is also
demonstrated in the inset to Fig. 1a, where the crystal planes
of a single nanocrystal is shown via high resolution TEM
imaging.

Table 1 describes the set of lubricant samples used to
compare the behavior of base oils with and without ZrO,
nanoparticles, and any interactions between ZrO, and co-
additives. The ZrO, samples in PAO were prepared identi-
cally as that described in Khare et al. [16] and Thrush et al.
[15]. The gear oil samples used were an API Group 3-based
automotive gear oil meeting SAE 75W-80 viscosity, with the
same additive package as a commercial synthetic SAE 75W-
90 gear oil used as a reference in the broader research pro-
gram of which this study was a part. An additional amount
of the proprietary blend of the organic ligands (less than
1% by weight) was added to enhance stability. By eye, there
was no observed change in transparency with no observed
precipitation of components from the oil. While NP concen-
tration was not specifically optimized for the experiments in
this study, 1 wt% loading of the NPs in all oil samples was
chosen to balance competing factors. One is that, from a
commercial point of view, lower concentrations bring down
cost. Therefore, we reduced loading by an order of mag-
nitude from the prior nanoscale work, which used 10 wt%
loading [16]. The other factor is that, for fundamental stud-
ies, reliable film formation is required. Thrush et al. [15]
verified in the MTM this occurred at 0.1 wt% loading in pure
base oil, but due to the unknown interactions of the NPs with
co-additives, and due to the possibility of lengthening the
experimental run time needed to reach steady-state tribofilm
thicknesses, we opted for 1 wt%.

For these samples, PAO4, PAO10, and PAO gear oil serve
as references without ZrO,, the results of which are primar-
ily discussed in Supporting Information Section A. Repli-
cate tests between ZrO,+PAO4 and ZrO,+PAO10 directly
compare the effect of viscosity to better understand tribofilm
formation without the presence of co-additives. Meanwhile,

replicate tests comparing ZrO,+PAO10 and ZrO,+75W-80
provide a direct comparison of the effect of co-additives on
tribofilm formation, holding oil viscosity constant. SAE
75W-80 oil, as noted in Table 1, is fully formulated using
a conventional gear oil package. The EP additive system is
based on phosphorus and sulfur (P/S) containing compo-
nents resulting in 0.1-0.17 wt% P and 2.0-2.7 wt% S in the
finished product.

2.2 Tribological Testing: Mini-Traction Machine
and Spacer Layer Imaging

A mini-traction machine (MTM) with spacer layer imag-
ing (SLIM) from PCS Instruments was used for measuring
multiple repeats of traction coefficient and tribofilm growth
under specified conditions. The test specimens for the MTM
tests were new, highly polished 52,100 steel for both the
% inch (19.05 mm) ball and 46 mm diameter disc speci-
mens. The preparatory cleaning for each ball/disc speci-
men involved a 15-min sonication through each of acetone,
toluene, and 2-propanol. The removable MTM and SLIM
components underwent a similar sonication process, spend-
ing 15 min successively in acetone, toluene, 0.01 M EDTA
(ethylenediaminetetraacetic acid, which helped to wash
away residual NPs), and 2-propanol. All parts were wiped
with Kimwipe after the cleaning process, with residual fib-
ers removed with compressed nitrogen gas. Separately, the
MTM pot and SLIM lid were rinsed in toluene followed by
2-propanol, and dried with compressed nitrogen gas; this
rinsing and drying procedure was repeated three times.

All MTM measurements were taken at an applied load
of 50 N, yielding a Hertzian maximum contact stress of
1.12 GPa. Traction and Stribeck curves at 40 °C, 60 °C,
80 °C, 100 °C, and 120 °C were taken for all six lubricant
samples in Table 1. At 2000 mm/s mean speed, traction
curves measured from 0 to 100% SRR exhibited typical
temperature-dependent traction coefficient trends for non-
ZrO, containing samples. Samples with ZrO, deviated
from expected temperature-dependent behavior when the
contact transitioned from EHL to mixed/boundary contact
due to increased surface roughness from the tribofilm (from

Table 1 Summary of lubricant

. . Base oil Sample label ZrO, content Co-additive content Kinematic viscos-
sgmples onr ml)fed rolllpg— ity (1) at 100 °C
sliding tribological testing (cSt)

Polyalphaolefin 4 PAO4 - - 3.9
Polyalphaolefin 4 7r0,+PAO4 1 wt% - 3.9
Polyalphaolefin 10 PAO10 - - 10
Polyalphaolefin 10 7r0,+PAO10 1 wt% - 10
PAO Gear Oil 75W-80 - P/S package 9.6
PAO Gear Oil ZrO,+75W-80 1 wt% P/S package 9.6
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ca. 5 nm root mean square roughness of the polished steel
to 20—40 nm for the films). Stribeck curves at 50% SRR
measured from 2000 to 10 mm/s mean speed showed basic
temperature and speed dependent behavior, again with the
transition from EHL to mixed/boundary contact shifted
by the presence of the ZrO, tribofilms relative to the non-
ZrO, containing reference oils. The full set of traction and
Stribeck curves are provided and discussed further in Sup-
porting Information Section B.

Based on the traction and Stribeck curves, MTM-SLIM
tests were conducted at 100 °C and 150 mm/s entrainment
speed to ensure mixed/boundary contact under a range
of rolling-sliding conditions. Each 2-h test utilized a new
52,100 steel ball/disc pair. After using triplicate trials to ver-
ify that the deviation for values such as traction coefficients
and tribofilm thickness was nominally 15%, tests thereafter
utilized duplicate trials.

We calculated the elastohydrodynamic film thickness (or
minimum film thickness), which, combined with the sur-
face roughness parameters of the contact, yields the specific
film thickness, A (Eq. 1) [5]. The 4 values for these MTM
conditions (summarized in Table 2) represent the relative
ratio of the lubricating film thickness to the surface rough-
ness, indicating the degree of boundary contact. Typically,
a lubricated contact with 1 <3 is considered in the mixed/
boundary contact regimes.

hy

\/61294-0% M

In Eq. 1, A is the minimum film thickness, oy is the root
mean square (RMS) surface roughness of the ball, and o, is
the RMS surface roughness of the disc. Note that as the tri-
bofilm develops during the MTM test, the surface roughness
values will dynamically change, thus the 1 values reported
in Table 2 are strictly calculated as the values at the start of
each test, for the nominal surface roughness of the native,
polished, steel-on-steel contact (65 = 6, = 5.0+0.2 nm).
The details showing the calculations are provided in Sup-
porting Information Section C. The uncertainty ranges
for the specific film thickness values reported in Table 2
were derived via error propagation based on the standard

A=

Table2 Summary of the minimum film thickness (h,) and spe-
cific film thickness (M) for each lubricant sample base oil at 50 N,
150 mm/s entrainment speed, and 100 °C

Base oil Minimum film thickness Specific film thickness
(nm)

PAO4 6.3 0.897+0.004

PAOI10 14.4 2.034+0.008

75W-80 14.0 1.978 +0.008

deviation of 5 individual surface roughness measurements
of the polished steel contacts (0.2 nm).

Table 3 then summarizes the different ball/disc sliding
conditions as a function of slide-to-roll ratio (SRR), dictat-
ing the severity of sliding. SRR is defined in Eq. 2 as:

SRR = M )
U

where uy is the ball speed, uj, is the disc speed, and U is

the mean rolling speed, or entrainment speed, defined as

(up +up)/2.

The rolling/sliding was periodically paused to lift the
MTM ball to the SLIM window (loaded onto the lens at
50 N) to capture an interference image. These images were
captured at set intervals throughout the test to confirm tribo-
film growth, with the focus for analysis here the final image
at the end of each 2-h test. The average final film thickness
was calculated from an analysis area with a 150 pm diameter
(equal to half the predicted Hertz tribofilm width, ~ 300 um;
the diameter of the window of view for the lens is 336 pm).
The thickness values were corrected by a factor of 0.7, a
system-specific parameter accounting for both the SLIM lens
calibration (for a refractive index of 1.4) and a ZrO, refrac-
tive index of 2 [30].

2.3 White Light Interferometry

While SLIM measurements provide the tribofilm thickness
in situ, SLIM images are obtained using optical interference
between the upper and lower surfaces of the translucent tri-
bofilm film and do not provide information regarding any
changes in the topography, such as wear or plastic deforma-
tion, of the underlying steel ball surface. To gain a quan-
titative, non-destructive assessment of the degree of wear
and the thickness of tribofilms for test specimens, scanning
white light interferometry (WLI) of the film surface was
used in combination with the SLIM images. The high refrac-
tive index of ZrO, necessitated reflective coatings on the
tribofilms for accurate scanning WLI measurements [31].
A Cressington Sputter Coater 108 was used to coat the test
specimens using a Au/Pd target. MTM ball specimens were

Table 3 Summary of MTM testing conditions at 50 N applied load,
150 mm/s entrainment speed, and 100 °C

SRR (%) Ball speed Disc speed Sliding
(mm/s) (mm/s) speed

(mm/s)
0 150.0 150.0 0.0
25 131.3 168.8 37.5
50 112.5 187.5 75.0
100 75.0 225.0 150.0
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coated for 30 s at a 0.15 mbar vacuum pressure, yielding a
AuPd-coating thickness estimated to be 20—40 nm.

Scanning WLI images were taken on a Zygo New View
6300 Interferometer with a 20 X objective and 0.5 X inter-
nal multiplier, yielding a magnification level of 10 x and a
530 pum x 700 pm field of view. For the MTM balls, the tri-
bofilm was oriented to the apex of the ball, centered under
the objective, and imaged with a vertical scan range of
150 pm. Images were leveled through a spherical subtraction
in the software program Gwyddion [32]. From the processed
data, an average step-edge height was calculated as the tri-
bofilm height minus the steel height (with the tribofilm and
steel heights calculated as the average values over respective
150 yum X 150 um areas).

2.4 Raman Spectroscopy

Raman spectroscopy was used for chemical characteriza-
tion of the tribofilms. With a NT-MDT NTEGRA Spectra
confocal Raman microscope equipped with an Andor Peltier
cooled CCD detector, a 491 nm laser was focused to the
sample through a 100 X objective.

2.5 Secondary lon Mass Spectrometry Depth
Profiles

Even though WLI yields step-edge height, and Raman
spectroscopy yields chemical composition of the bulk tri-
bofilm, neither of these techniques could demonstrate that
the co-additives were incorporated through the entire tri-
bofilm depth, so secondary ion mass spectrometry (SIMS)
depth profiling was used to determine this. Representa-
tive ZrO,+PAO4 and ZrO,+75W-80 tribofilms formed at
a 50% SRR were sent to Evans Analytical Group (EAG)
Laboratories for SIMS depth profiling. Due to sample size
constraints, 4 mm X 6 mm sections were cut from the disc
specimens.

3 Results and Discussion

3.1 Traction Coefficient Behavior and Tribofilm
Thickness as a Function of Slide-to-Roll Ratio

The traction coefficient behavior over time for each ZrO,
sample and SRR combination is plotted in Fig. 2a—c. The
traction coefficient data for the non-ZrO, containing refer-
ence oils are in Fig. 2d—f, and Table 4 provides a summary
of traction coefficient behavior to compare non-ZrO, and
ZrO, containing oils.

Figure 2a—c show that similar trends develop across all
ZrO,-containing oil formulations and slide-to-roll ratios:
for SRRs > 0%, a starting traction coefficient of nominally

@ Springer

0.03-0.05 initially increases as the tribofilm develops, before
reaching a steady-state value in the 0.10-0.13 range. For the
50% SRR trials in PAO4, the traction coefficient behavior is
consistent with a recent report from Thrush et al. [15] For
the 0% SRR trials (both ZrO,-containing in Fig. 2a—c and
non-ZrO, containing in Fig. 2d—f), non-zero traction coef-
ficient values of 0.01-0.03 were observed, but simply reflect
that spurious microslips prevent pure rolling conditions.

In contrast to samples with ZrO, NPs that exhibited nomi-
nally similar trends in traction coefficient, the tribological
behavior for the reference oils varied based on viscosity
and formulation. For PAO4 (Fig. 2d) at a 50% SRR, the
conditions were severe enough that the ball and disc seized
together within the first three minutes, causing a rapid rise
in traction coefficient and exceeding the measurement capa-
bilities of the instrument, terminating the trial. For PAO10
(Fig. 2e) at a 50% SRR there is early irregularity in the trac-
tion coefficient behavior, but the test continued to run with
a steady increase in traction coefficient associated with wear
(see later discussions on surface morphology, Fig. 6). As
a fully formulated gear oil, 75SW-80 maintains steady trac-
tion coefficient behavior for all SRRs tested, with only slight
run-in (Fig. 2f). Comparing the oils without and with ZrO,,
ZrO, NPs are able to prevent substantial damage to the steel
interface in pure PAO4 and PAO10, an important tribologi-
cal attribute that is in agreement with MTM work by Thrush
et al. [15] and supports observed macroscale anti-scuffing
behavior of ZrO, in 75W-80 recently reported by Demas
et al. [33].

By closer examination of the ZrO,-containing samples
(Fig. 2a—c), the evolution of traction coefficient is seen to
be influenced by both the oil viscosity and the presence of
co-additives. Comparing ZrO,+PAO4 to ZrO,+PAO10
(both with no co-additives), the ZrO,+PAO4 formulation
has an overall higher (albeit irregular) rate of increase in
the traction coefficient for the first 30 min of testing than
Zr0,+PAO10, likely due to the lower viscosity and cor-
responding lower A value. Comparing the two samples with
similar viscosities (ZrO,+PAO10 to ZrO,+75W-80), the
presence of co-additives in the 75SW-80 gear oil also accel-
erates the rate of increase in traction coefficient in the early
stages of testing. Tribofilm growth rates strongly influence
traction coefficient evolution; a more quantitative study of
tribofilm growth kinetics will be the subject of future work.
Overall, it is clear that surface-adsorbed co-additives do not
hinder the growth of ZrO, NP-derived AW tribofilms.

The steady-state traction coefficient values obtained allow
us to compare ZrO,-containing oils with other alternatives.
The 0.10-0.13 range of ZrO,-containing oils is two to three
times higher than the 0.03—0.05 values of base oil alone, but
merely reflects the boundary traction coefficient value of the
ZrO, tribofilm compared to the mixed lubrication for the
base oil. The transition from mixed to primarily boundary
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Fig.2 Traction coefficient values measured in the MTM (at 100 °C,
1.12 GPa, and 150 mm/s entrainment speed) over time at different
SRRs for a ZrO,+PAO4, b ZrO,+PAO10, and ¢ ZrO,+75W-80. In
a—c, the black curves are for 0% SRR, the orange curves are for 25%
SRR, the purple curves are for 50% SRR, and the green curves are for
100% SRR. The corresponding shaded areas for each curve represent
the standard deviations. The non-ZrO, containing oils are in (d—f).
Due to excessive sample damage, PAO4 (d) and PAO10 (e) tests were

contact is attributable to the increase in surface roughness as
the tribofilm develops, from ca. 5 nm RMS of the polished
steel contacts (1 range 0.897-2.034, Table 2) to 20—40 nm
RMS for the ZrO, tribofilms. Accounting for varying sur-
face roughness for each oil viscosity, the final 4 values for
the ZrO, samples span a range of 0.112 for ZrO,+PAO4 at
40 nm RMS up to 0.509 for ZrO,+PAO10 at 20 nm RMS.
Additionally, with severe enough conditions that there is

reduced to one trial each at 0% SRR (black) and 50% SRR (purple).
75W-80 f was tested for two trials at each SRR, with the same color
labeling as in (a—c). The final MTM ball tribofilm thicknesses (at the
end of each test in a—c) measured by SLIM for each sample/SRR is
plotted in (g). In g, the ZrO, samples are ZrO,+PAO4: red squares,
ZrO,+PAO10: gray diamonds, and ZrO,+75W-80: blue circles
(Color figure online)

primarily boundary contact, there is no substantial depend-
ence in the tribofilm traction coefficient based on oil viscos-
ity. This seemingly high traction coefficient range compares
well to a-ZrP nanoplatelets [34] for example, and various
forms of ZDDP (although a direct comparison between the
measurements here and other studies cannot be made due to
differences in measurement methods and conditions) [31].
When sufficient speeds are reached to move towards the EHL.
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Table 4 General summary of traction coefficient behavior of non-
ZrO, containing oils (Fig. 2d—f) and ZrO,-containing oils (Fig. 2a—)

Base oil SRR (%) Steady-state traction Steady-state trac-
coeff. without ZrO, tion coeff. with
710,

PAO4 25 (not tested) 0.11-0.13

50 Seized within 1st 3 min  0.11-0.13

100 (not tested) 0.11-0.13
PAO10 25 (not tested) 0.10-0.12

50 0.05 0.10-0.12

100 (not tested) 0.10-0.12
75W-80 25,50,100 0.03-0.05 0.10-0.11

0% SRR values are excluded from the table, but are shown in Fig. 2

regime as seen in the MTM Stribeck curves (Supporting
Information Section B), the traction coefficient decreases,
even reaching sub-0.06 for ZrO,+75W-80 at a 2000 mm/s
entrainment speed. Higher entrainment speeds were not pos-
sible due to motor speed limitations of the MTM instrument,
but it is reasonable to expect that the traction coefficient
values for the ZrO, samples would continue to decrease to
the similar EHL traction coefficient values measured for the
non-ZrO, containing oils.

The decrease in traction coefficient with increasing
entrainment speed (higher A values) indicates that neither
the ZrO, tribofilm nor the dispersed ZrO, NPs significantly
impact the base oil’s EHL traction coefficient. Consistent
with this finding, viscosity measurements from Thrush
et al. [15] found that a 1 wt% dispersion of ZrO, in PAO4
increased low shear rate kinematic viscosity by only 4.7%
at 100 °C. This finding has consequences for considering
the use of these NPs to enable low viscosity gear oils, as it
suggests that lower viscosity oils can maintain efficiency
improvements when operating in the EHL regime without
substantial rheological interference of the NP additives,
while the tribofilms can provide the needed protection
against failure when conditions drive the operating regime
towards boundary contact. Regarding system efficiency, even
with the higher traction coefficient associated with the ZrO,
tribofilm relative to the gear oil alone we still anticipate there
to be overall efficiency benefits gained from the use of low
viscosity oils. The majority of operating conditions, for gear-
boxes for example, will still be in the EHL regime, where the
reduction of churning losses will outweigh efficiency reduc-
tions associated with the relatively higher tribofilm traction
coefficient. Further, an aspect of future work on this project
includes examining compatible friction modifiers for the
ZrO, tribofilms that will lower boundary contact friction
and improve overall efficiency.

At the end of each two-hour test, the final tribofilm thick-
ness was measured in situ via SLIM. Figure 2g shows that
nearly all ZrO, samples, regardless of oil formulation or
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SRR, developed thick AW tribofilms, in agreement with
recent MTM-SLIM work for ZrO,+PAO4 [15]. These films
were thinnest for ZrO,+75W-80, but in general ranged from
100 to 120 nm. The exception to the 100-120 nm tribofilm
thickness is for ZrO,+75W-80 at a 0% SRR, which only
forms a 13 + 10 nm thick tribofilm. This observation may
be explained by assuming that, without sliding, the surface-
adsorbed co-additives in 75W-80 inhibit tribofilm nucleation
or growth, whereas sliding enhances tribofilm nucleation
through mechanical action. It is possible that the mechani-
cal action of sliding, for example, promotes removal of the
capping ligands [16], promotes transport of NPs to nuclea-
tion sites within the contact, or increases the total energy
driven into the contact to compress NPs into the substrate
or to sinter with each other. An alternate possibility is that
if the microslips observed at 0% SRR (evidenced by the
non-zero traction coefficient) are related to friction within
the contact, the steel-on-steel contact in PAO could have
high friction helping tribofilm nucleation, but the friction
is lowered in 75W-80 in the presence of the P/S additives,
reducing tribofilm nucleation. Further work is required to
clarify these issues. Regardless of cause, for SRRs > 0%,
minimal difference in film thickness is seen between the
75W-80 and PAO samples. It is also worth noting that, while
it is possible SLIM overestimates tribofilm thickness due
to tribofilm surface roughness preventing full conformation
to the SLIM lens [31], a systematic offset in the absolute
values of reported tribofilm thicknesses would not change
the observed trends or conclusions for the presented data.
The full set of SLIM images, along with additional scanning
electron microscopy images and elemental analysis from
energy dispersive X-ray spectroscopy on representative tri-
bofilms formed at a 50% SRR, are provided in Supporting
Information Section D.

3.2 Tribofilm Morphology

To more closely examine differences in tribofilm forma-
tion, ex situ WLI measurements were taken on the AuPd-
coated specimens after the MTM tests were completed.
Unlike SLIM images, which are based on refraction, WLI
generates interference images from reflection, so the WLI
measurements on the AuPd-coated specimens reveal tribo-
film step-edge height with respect to the surrounding steel
surface. They can also be performed on both the balls and
discs, while the SLIM images are only taken on the balls.
Figure 3 shows representative topographic images of the
ball specimens for each sample/SRR combination, corrected
for spherical curvature. The corresponding disc data reveal
different tribofilm morphologies than the ball samples.
Briefly, we attribute this in part to the fact that different ball
vs. disc velocities may unequally affect wear and material
transfer rates, further complicated by the level of protection
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(a) ZrO,+PAO4 @ 0% SRR

(d) ZrO,+PAO4 @ 25% SRR

(g) ZrO,+PAO4 @ 50% SRR

j) ZrO,+PAO4 @ 100% SRR
(i) Zro,

Fig.3 White light

interferometry
(700 pmx530 pm,+250 nm z-scale), corrected for spherical cur-
vature, for AuPd-coated MTM ball specimens after MTM tests con-
ducted for 2 h at 100 °C, 1.12 GPa, and 150 mm/s entrainment speed.

(WLI) images

afforded to the steel interface (e.g., in PAO or in the presence
of 75W-80 additives) at the very onset of the tests before a
ZrO,-based tribofilm has time to develop. These issues are
discussed further in Supporting Information Section E.
First we summarize the tribofilm morphology results
qualitatively. The 0% SRR cases (Fig. 3a—c) show that ZrO,
films formed even under rolling conditions, consistent with

(b) ZrO,+PAO10 @ 0% SRR

200
100
-100
-200

(e) ZrO,+PAO10 @ 25% SRR

200
100
-100
-200

(h) ZrO,+PAO10 @ 50% SRR

200
100
-100
-200

(k) ZrO,+PAO10 @ 100% SRR

200
100
-100
-200

(c) ZrO,+75W-80 @ 0% SRR

o

(f) ZrO,+75W-80 @ 25% SRR

(nm)

o

(i) ZrO,+75W-80 @ 50% SRR

o

(1) ZrO,+75W-80 @ 100% SRR

o

Images a—c show the tribofilms formed at 0% SRR for ZrO, +PAOA4,
ZrO,+PAO10, and ZrO,+75W-80, respectively. Similarly, d—f show
the 25% SRR trials, g-i show the 50% SRR trials, and j-1 show the
100% SRR trials

the SLIM data (Fig. 2g). That ZrO, NPs do not require
substantial shear stress to form tribofilms supports previ-
ous reports that a tribosintering mechanism drives ZrO, tri-
bofilm formation [16], whereby the normal stress alone is
sufficient to compact NPs into sintered films in the contact
region. This stands in contrast to other additives, such as
the AW additive ZDDP (used primarily in engines) which
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requires shear stress to drive development of a solid tribo-
film [20, 35].

As the chosen degree of sliding is increased, more dif-
ferences in tribofilm morphology emerge as a function
of the lubricant composition. For ZrO,+PAO4, while
the SLIM images indicate consistently thick tribofilms
(Figs. 2g and S4), the step-edge heights determined from
WLI (Fig. 3a,d,g,j) decrease with increased SRR (increas-
ing sliding severity). In the most severe case at 100% SRR
(Fig. 3j), the tribofilm has a predominantly net-negative
step-edge height. Figure 4 further illustrates the different
film morphologies for the ZrO, oil formulations relative to
the surrounding steel for the most severe sliding conditions
tested (100% SRR). The 3D projections (Fig. 4a—c) of the
WLI images shown in Fig. 3j—1 along with the correspond-
ing cross sections (Fig. 4d) highlight how tribofilms have
developed within a wear track on the steel ball, and is most
pronounced for the ZrO,+PAO4 sample.

To help clarify the appearance of the WLI images, note
that in Figs. 3 and 4, because the spherical curvature of
the balls has been subtracted, running tracks that appear
sunken in shape (e.g., Figure 3j) actually reflect the ball
surface being slightly polished to a flat finish. Also note
the relative dimensions of the image magnify the appear-
ance of any net-negative (e.g., the concave shape in Fig. 3j)

(a) ZrO,+PAO4 @ 100% SRR

200

100

-100

-200

(c) ZrO,+75W-80 @ 100% SRR

(nm)
200

100

-100

-200

Fig.4 3D projects of the WLI images (corrected for spherical cur-
vature) shown in Fig. 3j.k,] for tribofilms formed at 100% SRR: a
Zr0,+PAO4, b ZrO,+PAO10, and ¢ ZrO,+75W-80. The dashed
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Height (nm)
o

or net-positive (e.g., the raised track in Fig. 3i) step-edge
features, with 700 pm X 530 pm x- and -y-dimensions com-
pared to a+250 nm height range. For context, Fig. 5 shows a
representative WLI image of ZrO,+PAO4 at 100% SRR (the
same image in Fig. 3j) before correction for the spherical
curvature of the ball. In the cross section shown in Fig. 5b,
the slight polish to the ball relative to its overall curvature
is orders of magnitude smaller. Thus, in order to meaning-
fully analyze the running track, the background curvature of
the ball must be subtracted. Applying a consistent analysis
method of masking the running track region before the back-
ground subtraction produced the series of images shown in
Fig. 3, with distinct step-edge features against a flat back-
ground. The tribofilms being offset to varying degrees from
the center of the WLI images (and the apparent apex of the
ball) is only a consequence of small offsets in alignment
under the WLI objective and does not reflect any misalign-
ment in the MTM, nor does it impact the image analysis.
The existence of a tribofilm on an apparently worn ball
surface is attributable either to abrasive wear [5, 36, 37] or
to material loss by adhesive wear in the harsh steel-on-steel
sliding, either or both of which occur first, after which the
Zr0O, tribofilm grows. This is supported by the MTM trac-
tion coefficient and surface morphology data for the pure
oils, and is especially evident in the traction coefficient

(b) ZrO,+PAO10 @ 100% SRR

200

100

-100

-200

= Zr0,+PAO4
= Zr0,+PAO10
= ZrO,+75W-80

0 100 200 300 400
Distance (um)

lines in a—c indicate the cross sections taken for a 50-line average,
overlaid in d with red for ZrO,+PAO4, gray for ZrO,+PAO10, and
blue for ZrO,+75W-80 (Color figure online)
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Fig.5 a WLI image (3D and 2D view) of AuPd-coated MTM
ball before spherical background subtraction (sample specimen:
Zr0,+PAO4 tested at 100% SRR, for 2 h, 100 °C, 1.12 GPa, and
150 mm/s entrainment speed). The dashed line in the 2D image

data in Fig. 2d,e, which indicate that wear occurs for pure
PAO4 and PAO10. At 0% SRR, pure PAO4 and PAO10
have non-zero traction coefficients increasing slightly over
time, indicative of increasing wear. At 50% SRR, pure PAO4
seized within the first three minutes of testing, causing a
spike in traction coefficient and the test to terminate. At 50%
SRR, the traction coefficient for pure PAO10 increased over
time, again indicative of increasing wear (note, however,
the traction coefficient increase for PAO10 at 50% SRR was
to 0.05-0.06, not the 0.12 value associated with the ZrO,
tribofilm).

The observation of wear underlying a tribofilm discussed
in Fig. 4 is also supported by the WLI data in Figs. 6 and 7
which illustrate the changes in the steel surface that occur
when no nanoparticles are present. For PAO4 at 0% SRR,
Fig. 6a,b shows adhesive wear with material transfer from
the disc to the ball. When PAO4 was tested at a 50% SRR
(Fig. 6¢,d), as mentioned above, the ball and disc specimens
quickly seized (Fig. 2d) with substantial material trans-
fer from the ball to the disc observed. For PAO10 at 0%
SRR, similar wear behavior as for the PAO4 at 0% SRR
is seen across the interface (Fig. 6e,f), with material trans-
ferred from the ball to the disc albeit less than for PAO4, as
expected for a higher viscosity lubricant. At a 50% SRR,
both ball and disc surfaces tested in PAO10 (Fig. 6g,h) show
a mix of wear modes (scuffing, pitting, material transfer).
Note that for PAO4 and PAO10, testing was reduced to one
trial each at 0% SRR and 50% SRR due to the destructive
sliding behavior.

For the fully formulated 75W-80 gear oil, two trials
were run at each SRR (0%, 25%, 50%, and 100% SRR).
Figure 7 focuses on 0% and 50% SRR for comparison
with the PAO oils (the 7SW-80 25% SRR and 100% SRR
results are in Supporting Information Section A). Negli-
gible surface change was observed for low SRRs (0%) on
the ball surface (Fig. 7a), with some pitting and wear scars
observed on the disc surface (Fig. 7b). In more severe slid-
ing cases (50% SRR), occasional wear scars were observed

tribofilm

0 200 400 600
Distance (um)

shows where the 50-line averaged cross section plotted in b was
taken. The red brackets in b denote the edges of tribofilm (Color fig-
ure online)

on both ball and disc surfaces (Fig. 7c,d), 20-50 nm deep
and 10-20 pm wide. It was notable that there was much
less damage than was seen with the pure PAO tests.

The ZrO,-free results discussed for Figs. 6 and 7 help
explain differences in the behaviors of ZrO,+PAO4,
Zr0,+PAOI10, and ZrO,+75W-80, which are seen in
Fig. 3. For ZrO,+PAO4 (Fig. 3a,d,g,j) compared with
ZrO,+PAO10 (Fig. 3b,e,h,k), which is a higher viscos-
ity lubricant than ZrO,+PAO4 but still has no other co-
additives, we observe that there is a similar effect of an
increase in underlying surface wear with increasing SRR.
However, some differences are apparent in the tribofilm
morphology. For example, at 100% SRR, the ZrO,+PAO10
film (Figs. 3k, 4b) has an increased prevalence of raised
and lowered grooves compared to ZrO,+PAO4. This
morphology difference is likely due to the difference in
starting A values. For the higher 1 value (PAO10), fewer
surface asperities are initially in contact than for the lower
A value (PAO4), leading to the nucleation and development
of a more striated, i.e., less uniform morphology.

For the ZrO, in two PAO samples (Figs. 3a,d,g,j and
b,e,h.k), especially for the higher viscosity ZrO,+PAO10,
compared with ZrO,+75W-80 gear oil (Fig. 3c,f,i,1), the
observed differences suggest a distinct and beneficial effect
between the ZrO, NPs and the P/S additive package of the
gear oil. Qualitatively, for ZrO,+75W-80 at 25%, 50%,
and 100% SRRs (Fig. 3f,i,l), there is a net-positive step-
edge height for the tribofilm formed under each of these
conditions. This is the most apparent for the tribofilms
formed at 100% SRR, with ZrO,+75W-80 (Figs. 31, 4c¢)
forming a clear raised film compared to ZrO,+PAO4 and
Zr0,+PAOI10 (see Fig. 4d for a comparison of the three).
With film thickness values measured via SLIM similar to
the PAO+ZrO, samples, this implies there is significantly
less underlying wear of the substrate. This indicates that
the AW enhancement due to the presence of co-additives
is preserved in the presence of ZrO,, and the ZrO,-based
tribofilm is then still able to form on the substrate.
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Fig.6 WLI images

(700 pm X 530 pm, +250 nm
z-scale) for AuPd-coated MTM
ball specimens (corrected

for spherical curvature) and
AuPd-coated disc specimens
ran in PAO oils at 100 °C, 1.12
GPa, and 150 mm/s entrain-
ment speed. Images a, b show
wear of the ball and disc steel
surfaces, respectively, ran at 0%
SRR in PAO4. Images c, d simi-
larly show the ball/disc pair ran
at 50% SRR in PAO4. Images
e—h show the samples that were
ran in PAO10, with the ball/disc
surfaces tested at 0% SRR in e, f
and the ball/disc surfaces tested
at 50% SRR ing, h
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Fig.7 WLI images

(700 pm X 530 pm, +250 nm
z-scale) for AuPd-coated MTM
ball specimens (corrected for
spherical curvature) and AuPd-
coated disc specimens tested in
75W-80 at 100 °C, 1.12 GPa,
and 150 mm/s entrainment
speed. Images a, b show the ball
and disc steel surfaces, respec-
tively, ran at 0% SRR. Images
¢, d similarly show the ball/disc
pair ran at 50% SRR

3.3 Zr0,/Co-Additive Antiwear Performance:
Tribological Behavior

To better understand the origins of observed ZrO,/co-addi-
tive interactions, it is useful to quantify the extent of the
underlying surface wear discussed for Fig. 3. This is possi-
ble by calculating the WLI-measured step-edge heights and
comparing these values to the tribofilm thicknesses meas-
ured in SLIM. Figure 8a plots the step-edge heights as a
function of SRR, with the error bars representing the stand-
ard deviation between two replicate trials for each sample/
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Fig.8 The average tribofilm step-edge height for each sample/SRR
shown in Fig. 3 is plotted in (a), where ZrO,+PAO4 is red squares,
ZrO,+PAOI10 is gray diamonds, and ZrO,+75W-80 is blue circles.
Using the difference from the tribofilm thicknesses measured in

(a) 75W-80 @ 0% SRR, ball
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(c) 75W-80 @ 50% SRR, ball
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(b) 75W-80 @ 0% SRR, disc -
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(d) 75W-80 @ 50% SRR, disc )

o

SRR. Figure 8b then shows the estimated wear depth, cal-
culated by taking the difference between tribofilm thickness
(Fig. 2g) and step-edge height (Fig. 8a).

Figure 8 supports the qualitative conclusions drawn from
Fig. 3: that the presence of co-additives decreases the overall
estimated wear of ZrO,-containing oils for the same SRR
and A values. For both PAO samples, the linear decrease
in step-edge height with increasing SRR reflects a linear
increase in estimated wear depth with increasing SRR due to
nominally constant film thicknesses across SRR. Depending
on the SRR, there is two to ten times less wear observed for

(b)
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S 9 ronpAo10
£ 150 e zo+75w-80 g
S0 5 B
= 50 & ®
B ] :
g 0 ‘! t T t t
7 50
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SLIM and the step-edge heights measured in WLI, b plots the esti-
mated wear depths as a function of SRR (ZrO,+PAO4 is red squares,
ZrO,+PAOI10 is gray diamonds, and ZrO,+75W-80 is blue circles)
(Color figure online)
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ZrO,+75W-80 vs ZrO,+PAO10. Thus, importantly, despite
varying extents of underlying surface wear, the ZrO, NPs
play a beneficial role. This is especially evident in compar-
ing the ZrO,+PAO4 with the ZrO,+75W-80 formulations.
While the ZrO, alone still acts to prevent scuffing in PAO4,
the additives work in a cooperative fashion, with no apparent
antagonistic interactions, so that early scuffing and wear are
mitigated in 75W-80.

Also importantly, while some wear is observed for
ZrO,+75W-80 whereas minimal surface changes occur in
75W-80 alone, this is a secondary point, as is the earlier
observation that addition of NPs to 75W-80 can increase
friction in MTM tests; the primary point is that macroscale
tests have demonstrated improvements in, e.g., scuffing per-
formance for when ZrO, is added to 75W-80 [33]. Thus,
ZrO, NPs can act as an enabler for lower viscosity gear oils
such as the 75W-80 oil studied here.

3.4 Zr0,/Co-Additive Antiwear Performance:
Chemical Analysis

Chemical analysis of the ZrO, tribofilms supports the conten-
tion that the substantial improvement in tribological behav-
ior stems from the presence of both ZrO, and co-additives.
Raman spectra (Fig. 9a) for tribofilms formed at a 50% SRR
show distinct peaks for the ZrO,+75W-80 sample relative to
a tribofilm formed running in ZrO,+PAO4. General assign-
ments are that peaks <900 cm™! arise from the ZrO, film
and steel substrate [38—40] and peaks ~ 1000-17,000 cm™!
arise from organic compounds, e.g., phosphate-containing
species [41—43]. The peaks at 1060 cm™! and 1400 cm™! are
only present in the ZrO,+75W-80 tribofilm.

To further demonstrate the incorporation of co-additives
into the tribofilm, the ZrO,+PAO4 and ZrO,+75W-80
derived tribofilms at 50% SRR were analyzed with second-
ary ion mass spectrometry (SIMS) depth profiling. The
SIMS depth profiles of Fig. 9b,c are intrinsically relative

rather than absolute, but nonetheless, SIMS depth profil-
ing does indicate apparently thicker tribofilms than meas-
ured in SLIM (Fig. 2g), based on the depth at which the Fe
saturates and the Zr tapers. This difference is particularly
pronounced for the ZrO,+PAO4 film, with a 115 nm thick
film measured in SLIM and approximately a 250 nm thick
film measured in SIMS. However, film thicknesses in SIMS
must be approached with care when roughness is present.
It is possible that this apparent discrepancy occurs because
the apparent depth in the SIMS is affected by the roughen-
ing of the steel that we have established occurs before the
tribofilm nucleates and grows; this is especially a concern
for the ZrO,+PAO4 sample. This roughened buried interface
will convolute signals from the film and the substrate in the
SIMS measurements, with randomly located deeper valleys
extending the tails of the Fe and Zr signals. In other words,
while SLIM provides the average tribofilm thickness, the
extent of the Fe and Zr signals is elongated by the presence
of deeper valleys. The influence of a roughened interface on
the apparent depth is qualitatively supported by comparison
to the ZrO, tribofilm formed in 75W-80. The ZrO,+75W-80
films typically have a less striated surface morphology, with
less underlying wear, and there is correspondingly improved
agreement between the film thickness measured by SLIM
(90 nm) and the SIMS depth profiling (125 nm).

Like the SIMS measured depths, the SIMS concentra-
tions are only estimates, not calibrated quantities. The rel-
ative amounts of each element can be directly compared
between the two samples, but are not indicative of absolute
values. Focusing on chemical content as a relative function
of depth, phosphorus and sulfur are present throughout the
tribofilm formed from ZrO,+75W-80 (the dotted curves in
Fig. 9¢c). Meanwhile, zirconium tapers off as the levels of
iron grow, which indicates the transition from the tribofilm/
wear track to the steel substrate (Fig. 9b). The trace amount
of P and S observed for ZrO,+PAO4 (solid lines in Fig. 9c)
could originate from contamination or the 52,100 steel, but
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Fig.9 a Raman spectra of tribofilms formed at a 50% SRR from
ZrO,+PAO4 (red), ZrO,+75W-80 (blue), and a bare steel reference
(black). b and ¢ SIMS depth profiling data for ZrO,+PAO4 (solid
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Depth (nm) Depth (nm)

lines) and ZrO,+75W-80 (dotted lines) at a 50% SRR. b Shows Fe
(red) and Zr (gray). ¢ Shows P (blue) and S (green) (Color figure
online)
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is orders of magnitude lower than the amount of P and S
present in ZrO,+75W-80, underscoring the incorporation of
P/S containing co-additives. Carbon content was also meas-
ured, and for both samples remained in a constant range of
4-t0-7 x 10*' atoms/cm? as a function of depth, a value 10
times lower than the maximum measured Zr concentration.
This behavior for C content corroborates previous observa-
tions that the capping ligands are removed during tribofilm
formation [16], and indicates that ligand removal is not
affected by the co-additives in the gear oil.

Based on these results, the proposed mechanism for the
tribological behavior when co-additives are present along
with ZrO, is as follows. At the outset of the testing, co-
additives adsorb to the surface and prevent initial scuffing
and wear in the absence of the yet-to-be-formed ZrO, film,
which requires some degree of contact before it forms [5,
6, 8, 9]. The additives are then incorporated into the ZrO,
tribofilm as it is formed via tribosintering. The tribofilms
formed in ZrO,+75W-80 are thinner than those formed in
PAO, which may affect film properties. While Raman and
SIMS analysis confirm the presence of co-additives within
the ZrO, tribofilm, these analytical methods do not shed
insight into the internal film structure, nor the final crys-
tal phase or exact chemical composition and bonding state.
Determining the nature of the internal film requires substan-
tial further study including utilizing microstructure analysis
(e.g., via cross-sectional TEM) and investigating the pos-
sible occurrence of any tribochemical reactions (e.g., via
XPS). This will be the focus of future work. Further work is
also needed to determine potential long-term benefits from
any altered crystal structure within the tribofilm. Our pri-
mary result here is to show that the addition of ZrO, NPs
into a fully formulated 75W-80 gear oil, which is known to
provide beneficial resistance to scuffing [33], exhibits coop-
erative behavior between the NPs and the EP additives. In
particular, the ZrO,-based tribofilms still grow as rapidly as
they do in pure PAO, but the EP additives reduce wear of
the steel surfaces that occur at the initial stages of contact
before the tribofilm has formed.

4 Conclusions

One way to enable low viscosity gear oils for enhanced
energy efficiency is to improve the quality of AW and EP
additives; these additives should not interact antagonistically
with existing lubricant co-additives, and furthermore should
improve the tribological performance of a system. ZrO, NPs,
attractive due to their stable, optically clear dispersions,
demonstrate tribofilm formation under boundary contact
conditions in both base oils and alongside co-additives. Prior
work has shown that scuffing can be prevented by the use
of these NPs [33]. Furthermore, tribofilms develop across

a range of slide-to-roll ratios, including rolling conditions
(0% SRR). Though the tribofilm formation was consistently
observed, based on a comparison of tribofilm thicknesses to
tribofilm step-edge heights, initial surface wear appeared to
occur before and/or during tribofilm growth. The severity
of this underlying surface wear depended on the SRR and
oil formulation. In samples comprising ZrO, in pure base
oil (PAO4 and PAO10), while the eventual tribofilm thick-
ness was independent of the SRR, the wear depth increased
linearly with the SRR. The same experimental parameters
for ZrO, in the fully formulated 75W-80 gear oil showed a
substantial, twofold reduction in underlying surface wear,
credited to cooperation between the EP additives and the
ZrO, NPs. The EP additives provide initial protection
against scuffing during ZrO, tribofilm formation, followed
by interactions between ZrO, and gear oil co-additives.
Chemical analysis indicates that P/S co-additives are present
in the ZrO, tribofilm, suggesting that the combined effects of
both ZrO, and co-additives are responsible for the enhanced
tribological performance [33].
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