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Abstract Because of their excellent tribological proper-
ties and potential to replace problematic lubricant additives
currently in use, WS, nanoparticles have spurred consid-
erable interest over the last two decades from academia and
industry to decipher their mechanism of action. To eluci-
date the mechanism, this study carried out tribological tests
at low and high temperatures and investigated the wear
track and friction properties. It was found that in high-
pressure, high-temperature sliding contacts, WS, nanoad-
ditives react with the metal substrate to generate thick
chemical tribofilms which account for their excellent tri-
bological properties. Based on XPS and FIB/SIMS results,
a layered structure was proposed for the chemically formed
tribofilms. The large amount of W in the composition of
the reacted tribofilm could explain the excellent mechani-
cal and antiwear properties, while the exfoliated squashed
WS, NPs which fill the gaps and cover the reacted tribofilm
account for the striking reduction in the boundary friction.
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1 Introduction

Nanoparticles are very attractive novel lubricant additives
because of their nanoscale size, which allows them to
penetrate contacts of diverse geometries, fill the gaps
between contact asperities and ultimately form a protective
boundary film, persistent under high pressure. For this
reason, a vast array of nanoparticles has been used in
published research to investigate their effect on friction or
wear in tribological contacts [1-5].

Tungsten disulphide nanoparticles (WS, NPs) have
received particular interest because, apart from being
highly effective in reducing friction and wear between
moving parts [6—12], they are inert, non-toxic, non-mag-
netic and have high resistance to oxidation and thermal
degradation [13]. Their positive influence is especially
visible in mixed or boundary lubrication regimes [14] when
the most severe wear and damage occur.

WS, NPs have a multi-layered structure and exist in two
forms: 2H and IF (inorganic fullerene-like). In 2H-WS,,
the layers are flat and present ‘dangling bonds’(edge effects
that cause deterioration of the nanoparticle through oxi-
dation or burnishing) [6], while in IF-WS, NPs, the layers
are rounded up to form closed, ‘onion-like’ cages [15]. In
the latter, the edge effects are no longer present and the
particles are more inert to chemicals. From the tribological
point of view, it has been reported that under high PV
(load x velocity) conditions, as encountered in most
engineering applications, 2H-WS, outperform IF-WS,
NPs, while in relatively low PV, IF are better [16]. Man-
ufacturing IF-WS, NPs involves higher temperatures and
also reduces their availability to functionalization. For
these reasons, 2H-WS, NPs could be more convenient to
employ as lubricant nanoadditives in high-pressure tribo-
logical applications.
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A large number of research studies have attempted to
explain the mechanism of action of WS, NPs by proposing
many hypotheses [16-22]. During the last 20 years, the
attention has focused on IF-WS, NPs, and their mechanism
of action has been studied in numerous publications.

Because IF and 2H-WS, NPs possess a layered mor-
phology similar to graphite and other transition metal
dichalcogenides (such as MoS,) which exfoliate under
shear and in this way reduce friction, most studies have
investigated their ability to behave in the same way.
Techniques such as TEM and Raman analysis were
employed to show that delaminated 2H-WS, sheets adhere
to the wear track to form a tribofilm [18, 20, 21] and
ascribed their superior tribological properties to this
mechanism of action. However, this mechanism can only
explain the friction-reducing properties of WS, NPs and
not their excellent antiwear properties, effective over a
wide range of loads.

Another attempt to explain the friction-reducing mech-
anism of WS, NPs was ascribed to the general ability of
NPs to fill the asperity valleys of the contact surfaces due to
their nanosize. The authors concluded that in order to be
effective, NPs have to be smaller than the asperities and the
gap between the contacting surfaces [19]. However, this
condition implies that IF-WS, NPs with an average size of
120 nm, as used in these studies, cannot be effective in the
boundary and even mixed lubrication regimes, where the
gaps are usually smaller than 100 nm.

In the case of IF-WS, NPs, one of the first attempts to
explain the mechanism of action stipulated their potential
to act as rolling nano ball bearings. Under low loads, the
shear force between the inner and outer closed layers of the
NPs was not considered to be high enough to exfoliate
them, as in the case of the flat layered structures, such as
graphite and transition metal dichalcogenides [16]. This
hypothesis was investigated by Golan [23] who used
multiple-beam interferometry in the surface force appara-
tus to show that there was no evidence for ‘rolling friction,’
and the low values of the coefficient of friction (COF) can
be explained by the friction-induced transfer layers of WS,
to the lubricated contact surfaces. However, some recent
studies [21, 22], which investigated the rolling mechanism
of IF NPs in HRSEM and TEM-AFM in high- and,
respectively, low-pressure contacts showed that well crys-
tallized, spherically shaped IF NPs can reduce friction
through a rolling mechanism. These studies were carried
out on atomically smooth silica wafers [21], and the
question arises whether in real contact conditions, in which
nanoparticles could get trapped or jammed between the
surface asperities, the rolling motion is still enabled.

Two studies investigated the boundary Ilubrication
mechanism of IF-WS, NPs coated with trioctylamine and
methyltrioctylammoniumchloride (200 nm diameter) under
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high loads at 25 °C [10, 11]. The authors claimed that the
mechanism may be ascribed to a tribochemical reaction
film, but their X-ray photoelectron spectroscopy (XPS)
data of the wear tracks only shows the presence of Fe, C, O
and N (from the functionalization groups). Another study,
which also used XPS analysis to investigate the wear track
generated by WS, NPs at room temperature, found small
concentrations of tungsten oxide (1.4 at.%), tungsten sul-
phide and iron oxides [18].

Most investigations of the tribological properties of WS,
NPs have been carried out at room temperature, except for
two studies which tested the NPs at 75 [14] and 80 °C,
respectively [24]. However, the authors did not report the
presence of a tribofilm on the wear track.

This study aims to elucidate the mechanism of action of
WS, NPs in high-pressure contacts by investigating the
tribofilm generation on the wear track in a ball-on-disc set-
up throughout a range of testing temperatures and lubri-
cation regimes. The chemical composition of the tribofilms
was investigated with XPS and secondary ion mass spec-
troscopy (SIMS), and the results from the chemical tests
were compared with the mechanical properties derived
from nanoindentation tests.

2 Results and Discussion
2.1 WS, Nanoadditive Characterization

WS, NPs were purchased from MK Impex Corporation and
characterized using X-ray powder diffractometry (XRD),
Raman spectroscopy, transmission electron microscopy
(TEM) and energy-dispersive X-ray spectroscopy (EDX;
see Supporting Information). The particle size distribution
of WS, NP dispersions in oils was measured by dynamic
light scattering. The results showed that the WS, NPs were
not fullerene-like, but flat, stacked sheets of 2H-WS,.

The XRD pattern (Fig. 1) shows that all the diffraction
peaks are indexed to hexagonal WS,. As reported in the
literature, all the peaks are sharp, especially (002) and
(101)—as opposed to those of IF-WS,, which are broad-
ened due to the small crystal size [25, 26].

Furthermore, the (002), (004) and (006) peaks are much
stronger than expected from JCPD standards due to the
preferential orientation of the flat sheets (Fig. 2).

The Raman scattering spectrum for WS, is shown in
Fig. 3. Two signals are present at 355 and 419 cm ™", con-
sistent with other published research values for the Eég and
Ay bands [9, 20, 25-27]. The A, peak represents the S-S
vibration between two different layers (inset in Fig. 3). The
relative intensity of the A, peak suggests that the vibration
energy is small and that the nanoparticles therefore contain
only a few stacked layers [26].
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Fig. 3 Raman spectrum of WS, NPs

The shape and morphology of the NPs were investigated
using transmission electron microscopy. The TEM pictures
shown in Fig. 4 suggest the presence of two populations of
WS, NPs of distinct morphologies (Fig. 4a). The trigonal
prismatic geometry of the 2H-WS, crystal structure is
reflected in the triangular and hexagonal shapes of the NPs
(Fig. 4b-d).

This particular size distribution could be beneficial for
tribological applications, conferring the nanoadditive the

ability to penetrate contacts and fill asperity gaps of dif-
ferent sizes in order to limit the adhesion of contact sur-
faces and ultimately reduce friction.

EDX analysis showed WS, NPs contain only tungsten
and sulphur (see Supporting Information).

2H-WS, NP dispersions in base oil (a polyalphaolefin,
Mobil SpectraSyn Plus 6) with a concentration of 1 wt%
were prepared using a probe sonifier. This concentration
was recommended in published research as optimal for
tribological applications [14]. To avoid any competition for
the additive to adhere/adsorb/react on the lubricated metal
surface, the base oil was specifically chosen to have a very
low polarity (as is the case of PAOs), and no surfactant/
dispersant was used to stabilize the dispersions. The PAO
base oil has a density of 830 kg/m> at 15 °C and viscosity
of 30.3 ¢St at 40 °C and 5.9 cSt at 100 °C.

The size distribution of the WS, NPs dispersed in PAO
was measured with the Malvern Zetasizer immediately
after preparation. The intensity distribution, as shown in
Fig. 5, shows two narrow peaks (which indicate that the
NPs were monodispersed) and the presence of two distinct
size NP populations: one with an average size of 30—40 nm
and the other of approximately 250 nm.

2.2 WS, Nanoadditive Tribological Performance

Tribological tests were carried out on a mini traction
machine (MTM2) in a sliding-rolling ball-on-disc set-up
which features a 19-mm-diameter ball and a 46-mm-
diameter disc, both made of AISI 52100 steel (hardness
750-770 HV). The root-mean-square roughness of both
balls and discs is 11 £ 3 nm, resulting in a composite
surface roughness of approximately 16 nm. New speci-
mens (balls and discs) were used for each test and were
cleaned with solvents in an ultrasonic bath for 10 min prior
to the test. Throughout the test, the temperature was kept
constant (40 and 100 °C, respectively) and the applied load
was 30 N, corresponding to an initial mean Hertz pressure
of 0.94 GPa. The slide-roll ratio, calculated as the ratio of
the sliding speed lu, — ugl to the entrainment speed
(up + ug)/2 (where uy, and uy are the speed of the ball and
the disc, with respect to the contact) was 150 %. This slide-
roll ratio value was selected to be higher than in previously
reported research [28] to accelerate the generation of the
chemically reacted tribofilm, which is known to depend on
the severity of the rubbing conditions [29]. During the test,
the NP dispersion was maintained at constant temperature
in the enclosed, temperature-insulated chamber, where it
was stirred continuously and vigorously by the circular
movements of the disc and ball. Therefore, even in the
absence of a surfactant, NPs were maintained well dis-
persed and only a small number sedimented at the bottom
of the lubricant chamber at the end of the 3-h test.
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Fig. 4 TEM pictures showing
a the two 2H-WS, nanoparticle
populations; b—d 2H-WS,
(plate-like) nanoparticles
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Fig. 5 Size distribution for 1 wt% 2H-WS, NPs in PAO

The MTM2 is fitted with the 3D spacer layer imaging
method (SLIM) attachment, which enables in situ capture
of optical interference images of the tribofilms on the steel
ball (Fig. 6). These are used to calculate the thickness of
the tribofilm generated during the test.

The tribological tests followed a routine which can be
divided in three alternative stages repeated at fixed time
intervals. The first stage was the ‘conditioning phase’,
when the ball and disc were rubbed together at a fixed slow
entrainment speed in mixed lubrication film conditions to
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Fig. 6 Diagram of MTM2-SLIM set-up [30]

generate a tribofilm on the ball and disc wear track. The
following stage consisted of the ‘Stribeck curve’ acquisi-
tion, in which friction was measured over a range of
entrainment speeds at a fixed slide-roll ratio. The acquisi-
tion of data for the Stribeck curve started at the highest
speed (1.5 m/s) and continued towards the lowest speed
(10 mm/s) value to protect the formed tribofilm by avoid-
ing its damage at low speeds in the boundary regime. The
third stage was the ‘tribofilm measurement’; when the
motion was halted, the spacer layer-coated window was
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loaded against the ball track and an image was captured.
The conditions used for the MTM2-SLIM tests in this study
are summarized in Table 1.

Figures 7 and 8 show the variation of the COF with
speed (Stribeck curves) for WS, NP dispersions in PAO, at
40 and 100 °C after 1, 10, 30, 90 and 180 min of rubbing in
the ‘conditioning phase’ at 100 mm/s (in mixed lubrication
regime).

The Stribeck curves for the dispersion tested at 40 °C
(Fig. 7) show an almost linear increase in friction with
decreasing speed in all the lubrication regimes throughout
the experiment. The boundary COF increased with rubbing
time from 0.09 (after 1 min) to 0.11 (after 180 min).

At 100 °C (Fig. 8), all Stribeck curves show a similar
pattern throughout the test. As the speed decreases from
1.5 m/s to 100 mm/s in the mixed lubrication regime, the
curves reach a peak COF value at the end of the mixed
lubrication regime (100 mm/s), followed by a sharp and
constant decrease all the way into the boundary regime
(100-10 mm/s). However, as the test progressed with time,
the Stribeck curves shifted upward towards higher values
of COF. The highest COF value of 0.09 was reached after
90 min of rubbing and remained constant until the end of
the 3-h test. This behaviour has been previously reported
for the zinc dithiophosphate (ZDDP) antiwear additives
tested under similar conditions, when a rough tribofilm of
considerable thickness formed on the wear track [31]. The
antiwear films formed by ZDDP have high boundary fric-
tion coefficients in the range of 0.11-0.14, which are
maintained up to much higher sliding speeds than is nor-
mally the case. The high boundary friction of the ZDDP
tribofilms is thought to be due to their unusual morphology.
In order to reduce the friction, it is especially important to
use efficient friction modifiers along with ZDDPs when
formulating lubricants.

The sharp decrease in the COF values to 0.05-0.06 at
low rolling speeds and the maintenance of this value for the

Table 1 MTM2—SLIM test conditions

Conditioning phase

Temperature 40 °C, 100 °C

Load 30N

Mean Hertz pressure 0.94 GPa

Entrainment speed 0.1 m/s

Slide-roll ratio 150 %
Stribeck curve phase

Temperature 40 °C, 100 °C

Load 30N

Mean Hertz pressure 0.94 GPa

Entrainment speed 1.5-0.01 m/s

Slide-roll ratio 150 %
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Fig. 7 Stribeck curves for 1 wt% WS, NPs in PAO at 40 °C after 1,
10, 30, 90 and 180 min of rubbing
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Fig. 8 Stribeck curves for 1 wt% WS, NPs in PAO at 100 °C after 1,
10, 30, 90 and 180 min of rubbing

rest of the test period is reminiscent of the behaviour of
some of the most efficient friction modifiers [32].

2.3 Characterization of WS, Nanoadditive Tribofilm

The striking difference between the Stribeck curves of the
WS, NP dispersions measured at 40 and 100 °C suggests
that the mechanism of action is different in each case and
that temperature plays a key role. To understand the reason
behind the different behaviour and the mechanism of action
of WS, nanoadditives, a study of the physical, chemical
and micromechanical characteristics of the tribofilm gen-
erated on the wear track was considered paramount.

For the physical characterization of the tribofilm (thick-
ness, distribution and roughness), three techniques were
employed: 3D SLIM interference, optical microscopy and
Alicona profilometry.

Figures 9 and 10 show images of the ball and disc wear
tracks obtained with the WS, NP dispersions in PAO at 40
and 100 °C. Thickness profiles of the wear tracks were
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Fig. 9 Images of the tribofilm generated at 40 °C after the 3-h conditioning time a optical image of the wear track on the disc; b Alicona 3D
optical image of the tribofilm on the disc; ¢ 3D SLIM interference image of the tribofilm on the ball

Fig. 10 Images of the tribofilm generated at 100 °C after the 3-h conditioning time a optical image of the wear track on the disc; b Alicona 3D
optical image of the tribofilm on the disc; ¢ 3D SLIM interference image of the tribofilm on the ball

measured before and after the 3-h tests with the alicona
infinite focus profilometer, at 20x magnification.

The wear track generated at 40 °C (Fig. 9) showed a
thin, patchy tribofilm (30 nm) which displayed local NP
agglomerations. A more uniform tribofilm with an average
thickness of 100 nm (as measured with 3D SLIM and
Alicona) was generated at 100 °C (Fig. 10; Table 2).

The chemical composition of the tribofilms was inves-
tigated with XPS and secondary ion mass spectroscopy
(SIMS).

XPS with depth profiling sputtering was employed to
study the elemental composition and chemical state of
elements in the tribofilm layers. The depth profile also
showed how the chemical state of the monitored elements
changes through the layers.

On the wear track generated at 40 °C, the XPS analysis
was performed on an area with fewer NP agglomerations.
The results (Table 3) show small quantities of tungsten in
the form of W®" (such as in WO5) and sulphur in the form
of iron sulphide. These indicate that a reaction started to
take place between the steel substrate and the NPs, but the
temperature was unfavourable. After etching, only iron,
oxygen and carbon were detected (most likely from iron
oxides and oxidized residues of oil molecules).

In the tribofilm generated at 100 °C, carbon was found
on the surface, probably due to the degradation of the oil.
Otherwise, the presence of oxygen, sulphur, iron and
tungsten was detected (Fig. 11). From the tribofilm thick-
ness measurements, the final total etched depth was esti-
mated to be 200 nm.

A large amount of W is found throughout the depth of
the tribofilm. Sulphur is also present in the top 50 nm, as

@ Springer

part of unreacted WS, NPs and iron sulphides. Iron is in the
form of iron sulphides and oxides (near the surface) and
elemental iron.

Core level spectra for W in WS, were recorded at
binding energies of 33.2 eV but were only found as traces
(Fig. 12). The main signals are for W°*, specific to WO;
(35.6 eV) and for W° (31.2 eV) [25, 33, 34]. The only
exception was in the unsputtered layer, where W was found
at 31.5 eV. The shift of ~0.3 eV between the non-sput-
tered and sputtered layers is generally due to a slight
energy loss of the electrons coming through the carbon
contamination layer on top.

The XPS results of the tribofilms generated at the two
temperatures (but otherwise identical testing conditions)
prove that the tribofilms are generated through a chemical
reaction between the WS, nanoadditive and the metal
substrate, and the temperature plays a major role in this
process. A similar mechanism of action is known to occur
in the case of antiwear or extreme pressure additives (e.g.
ZDDP) [28].

To acquire extra information about the thickness, mor-
phology and chemistry of the tribofilms generated under
the two temperature conditions, scanning electron micros-
copy (SEM) with focused ion beam (FIB) and secondary
ion mass spectroscopy (SIMS) analysis (Fig. 13) were
carried out.

The SEM pictures of the wear track generated at 40 °C
showed some non-uniformly distributed deposits of NPs
(Fig. 13a). The wear track generated at 100 °C was imaged
in a thicker region than average. In this specific position
(Fig. 13b—d), the track was uniformly covered by a
200-nm-thick chemically formed tribofilm.
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Table 2 Tribofilm thickness measured using Alicona profilometry
and SLIM

40 °C 100 °C
Measured values of tribofilm thickness (nm)
Alicona 37 109
SLIM 26 98

Table 3 XPS results: composition of the tribofilm formed at 40 °C
before etching

W 4f S 2p Fe 2p O Is Cls

Comp (%) 0.1 1.1 26 37.1 35.7

30.0

20.0

Concentration / %

0 1000 2000
Etch time / s

3000

Fig. 11 Depth profile of the tribofilm generated at 100 °C using XPS

Secondary ion mass spectroscopy (SIMS) was also
employed to reveal the chemical composition of the
tribofilms and to map its layers. The SIMS depth profiling
of the tribofilm generated at 100 °C (Fig. 14) monitored
the variation in chemical composition of different layers as
the FIB etched deeper into the tribofilm.

Aside from the chemical composition of the tribofilm
which was found to be similar to the XPS results, the SIMS
data also offer valuable information on the arrangement of
layers with different chemistry. The tribofilm was found to
contain tungsten below a sulphur-rich layer. This
arrangement suggests that the upper part of the tribofilm
contains tungsten and iron sulphides, while at the interface
with the steel substrate, it is composed of tungsten and iron,
in their oxide and elemental states.

The XPS and SIMS results for the tribofilm generated at
100 °C indicate that it is likely to be formed of several
layers as illustrated in Fig. 15:

e carbon impurities and unreacted sheets of WS, on the
surface

e alayer of WOj;, iron oxides and sulphides, elemental Fe
and W

e surface
e 50 NM
100 nm
e 150 NM
e 200 NM

Intensity / a.u.

42 40 38 36 34 32 30 28
Binding energy / eV

Fig. 12 XPS spectra zoomed on the W energy region

e a layer WO;, elemental Fe and W
e a layer of elemental Fe and W

The results from the chemical analysis confirm that the
tribofilm was generated by a chemical reaction between the
WS, NPs and the steel substrate, controlled by temperature.
The chemical tribofilm could account for the excellent anti-
wear properties of WS, NPs reported in the published
research. A similar mechanism of action is reported in the
case of antiwear (e.g. ZDDP) and extreme pressure additives
[28]. However, the ZDDP antiwear films are known to
increase the boundary friction, while the tribofilms generated
by WS, NPs show very low friction levels, similar to the
friction modifiers. The strikingly different friction properties
of tribofilms generated by ZDDPs and WS, NPs could be
attributed to the dissimilar morphology or micromechanical
properties of the tribofilm. To investigate these properties,
visualization and nanoindentation tests were conducted on
the tribofilms generated by WS, NPs at 100 °C.

Nanoindentation is a depth-sensing technique capable of
providing measurements of elastic and plastic properties,
where the indentation process is continually monitored
with respect to force, displacement and time. Nanoinden-
tation of tribofilms was performed using a pendulum-based
NanoTest Platform 3 instrument (Micro Materials, Wrex-
ham, UK) [35].

Indentations were performed using a Berkovich dia-
mond indenter in a depth-controlled mode. Maximum
penetration depth was set to 30 nm, the maximum loading
force was 1 mN, loading and unloading rates were kept
constant, with loading and unloading times set to 20 s, and
a dwell time of 10 s was selected at maximum load to
reduce the influence of creep. A matrix of 100 indents was
imprinted onto the sample surface (15 um apart, over an
area of 150 x 150 pm?) to map the distribution of
mechanical properties. The data were analysed using the
Oliver and Pharr method with the analytical software
provided by manufacturers with the instrument. Hardness
and reduced elastic modulus were determined [36].

@ Springer
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50 um

Fig. 13 a SEM picture of the wear track generated at 40 °C,
displaying a few NP agglomerations; b SEM picture of the wear
track generated at 100 °C, covered by a tribofilm; ¢ SEM picture taken
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Fig. 14 Depth profile of the tribofilm generated at 100 °C using
SIMS

Steel
substrate

Exfoliated WS,
nanoparticles

WSZ, WO3, Fe oxides and
sulphides, Fe and W

Feand W WO,, Fe and W

Fig. 15 Likely composition of the tribofilm generated by WS, NPs at
100 °C
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during the analysis of wear track generated at 100 °C; d Profile view
of the tribofilm formed by the PAO NP dispersion on the track at
100 °C

Nanoindentation tests of the steel substrate were also
performed outside the wear track for comparison reasons.
As shown in Fig. 16, the analysis was started from outside
the tribofilm moving towards its centre, as follows: section
(1)—steel; section (2)—chemically formed tribofilm; sec-
tion (3)—chemically formed tribofilm covered with a thick
layer of unreacted, squashed WS, NPs and section (4)—
chemically formed tribofilm with a few NPs.

The hardness (H) and reduced Young’s modulus (E,)
values measured in the four sections (on steel and tribo-
film) are shown in Table 4.

Sections 2, 3 and 4 found on the tribofilm show different
values of the two parameters. In sections 3 and 4, the
hardness and reduced Young’s modulus also have a high
standard deviation because, as shown in Fig. 16, the tests
were performed on chemically reacted layers which were
covered with NPs.

To reduce the influence of the steel substrate, the nan-
oindentation analysis was performed on the thickest part of
the tribofilm, where the measured chemical tribofilm was
approximately 200 nm. The average thickness of unreacted
NP layer found on top of the chemical tribofilm was
measured with the alicona infinite focus to be 250 nm
(Fig. 17). Therefore, the indention in section 3 is carried
out only through the layer of squashed NPs and was not
influenced by the chemically formed tribofilm. The
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Fig. 16 Map of nanoindented sections of steel and tribofilm (points
are 15 pm apart)

Table 4 Measured values for H and E, in the four sections (steel and
tribofilm)

Section Mechanical parameters
(GPa)
H E,
1 Steel 89+ 16 1925+ 173
2 Tribofilm 57+07 1655 £ 17.1
3 Tribofilm fully covered with NPs 1.9 + 1.9 924 £ 458
4 Tribofilm with a few NPs 45+£25 132 + 50

squashed NPs and the chemical tribofilm have very dis-
tinctive values of mechanical parameters measured which
can be separated as shown in Table 5.

The force—distance curves shown in Fig. 18 indicate that
the behaviour of the squashed layer of WS, NPs is mark-
edly different. During the 10-s dwell time at maximum
load, the soft NP structure was penetrated to a large depth
while no major elastic behaviour was noticed during the
unloading.

The hardness and reduced Young’s modulus values of
the WS, tribofilm are higher than those reported for
tribofilms generated by other oil additives (H = 5 GPa and
E., =110 GPa for ZDDP [37]; H =04 GPa and
E, = 10 GPa for MoDTC [38]). These values indicate that
the presence of tungsten in tribofilms improves their
mechanical properties and consequently improves the

Steel substrate

Chemical tribofilm

Squashed WS, NPs on
top of the tribofilm

Fig. 17 Alicona profile view across the tribofilm

Table 5 H and E; values for the chemical tribofilm and squashed
WS, NPs

H (GPa) E; (GPa)
Tribofilm 58+ 0.6 165.7 &+ 194
Squashed NPs 1+04 72.7 £ 24.8
0.7 1 Steel
0.6 Tribofilm
% 0.5 1 Squashed NPs
Z 0.4 1
)
9 03+
o
0.2 A
N
O - T T T
0 20 40 60

Displacement / nm

Fig. 18 Loading/unloading hysteresis on the three different types of
substrate

antiwear behaviour. Therefore, the ability of WS, NPs to
generate chemically reacted tribofilms on the wear track
can explain the excellent antiwear behaviour reported by
many studies for this nanoadditive. These thick and patchy
chemical tribofilms are similar to those generated by ZDDP
antiwear additive, but they are covered with platelet-like
2H-WS, NPs, which have the effect of levelling and
smoothing the rough areas and therefore of reducing
boundary friction.

3 Conclusions

Previously published work showed that 2H and IF WS,
NPs are strong candidates to replace environmentally
harmful lubricant additives because of their potential to
reduce friction and wear in high-pressure contacts. The
research was mainly carried out at room temperature, and
the mechanism of action proposed was the delamination of
NPs under pressure and adherence of WS, sheets to the
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wear track to generate a tribofilm. However, this mecha-
nism can only explain its friction-reducing ability but not
the antiwear properties.

This study has employed WS, NPs from MK IMPEX
Corp., Canada, which were characterized with XRD,
Raman, TEM and EDX, and found to be 2H-WS, NPs.
1 wt% WS, NP dispersions in PAO were prepared and
their dispersion state and tribological properties were
assessed.

The ability of 2H-WS, NPs to reduce boundary friction
in high-pressure sliding contacts was found to be largely
dependent on temperature.

WS, NP dispersions tested at 40 °C displayed a modest
reduction in boundary friction which was gradually lost as
the test progressed with time. The optical and XPS analysis
of the wear track showed the generation of an irregular
tribofilm with a thickness of approximately 30 nm, com-
posed of WS, sheets or squashed NPs. The small quantities
of WO3 and iron sulphides detected in the tribofilm indi-
cate that a chemical reaction started to take place between
the steel substrate and the 2H-WS, NPs, but this was not
temperature favoured.

At 100 °C, the NP dispersions immediately exhibited a
significant reduction in COF in the boundary regime to values
of 0.05-0.06 and a gradual, time-dependant increase in fric-
tion in the mixed regime. During the conditioning (rubbing)
phase of the test, a uniform tribofilm was generated on the
wear track. Chemical analysis has indicated that the nanoad-
ditive reacts with the metal substrate and forms a chemical
tribofilm with a thickness of 100-200 nm. The chemical
composition of the tribofilm was investigated with XPS and
SIMS and found to have a layered structure. The upper part of
the tribofilms are formed of unreacted WS, sheets and/or
squashed WS, NPs, WO;, iron oxides and sulphides. The
deeper layers consist of WO;5 and elemental W and Fe, while
the interface with the steel substrate is composed of only
elemental W and Fe. The chemical composition of the
tribofilm explains its high hardness (5.8 £ 0.6 GPa) and
reduced Young’s modulus (166 £ 19 GPa) values and the
excellent antiwear properties reported by previously pub-
lished research.

The chemical tribofilms generated by WS, NPs have a
thickness and morphology similar to those generated by
ZDDP antiwear additives. However, in the case of 2H-
WS,, exfoliated and squashed NPs fill the gaps and cover
the reacted tribofilm exerting a levelling and smoothing
effect which reduces boundary friction to the levels
attained by the best performing friction modifiers.

2H-WS, NPs have the advantage of reducing both
friction and wear in high-pressure sliding contacts and
show great potential for the replacement of some of the
most popular but problematic additives in use.

@ Springer
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