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Abstract

Tungsten disulfide (WS2) nanosheets were synthesized by a liquid-phase exfoliation method and
evaluated as lubricant additives in polyalphaolefin (PAO-6) base oil. The tribological performance of
the nanofluid was assessed using a four-ball tribotester under varying concentrations (0-1.0 wt%) at
loads of 20-60 N and sliding speeds of 400-1200 rpm. The optimal concentration was determined to be
0.5 wt%, yielding a 43.0% reduction in the coefficient of friction (COF) and a 52.1% decrease in wear
rate compared to the neat base oil. The lamellar WS: nanosheets form a physical adsorption layer on
metallic surfaces, reducing direct metal-to-metal contact through a combination of rolling and sliding
mechanisms. Surface characterization via scanning electron microscopy and energy-dispersive X-ray
spectroscopy confirmed the formation of a protective tribofilm enriched in sulfur and tungsten. These
results establish WS: nanosheets as effective solid lubricant additives for demanding tribological
applications.

Keywords: Tungsten disulfide, nanosheets, lubricant additive, friction reduction, wear rate, tribofilm

1. Introduction

The performance of mechanical systems under severe operating conditions is critically
dependent on the quality of lubrication. Conventional lubricants, particularly mineral and
synthetic base oils, often exhibit inadequate tribological characteristics under extreme load,
temperature, and velocity conditions, leading to surface degradation and premature
component failure. The incorporation of solid lubricant nanoparticles as additives represents
a promising strategy for enhancing the tribological performance of base oils without
compromising their physicochemical stability.

Transition Metal Dichalcogenides (TMDs), especially molybdenum disulfide (MoS:2) and
tungsten disulfide (WS:), have attracted significant attention as solid lubricant additives due
to their layered crystallographic structure. In WS:, tungsten atoms are sandwiched between
two layers of sulfur atoms, forming hexagonal S-W-S units held together by weak van der
Waals forces. This anisotropic bonding enables easy interlayer sliding, conferring an
intrinsically low shear strength that translates into superior lubricating properties. Compared
to MoS2, WS: possesses higher thermal stability (up to 450 °C in air) and greater resistance
to oxidative degradation, rendering it more suitable for high-temperature tribological
applications.

The exfoliation of WS: into few-layer nanosheets significantly increases the surface-to-
volume ratio and enhances the number of active sulfur-terminated edge sites, improving both
dispersibility in oil media and surface adsorption capacity. However, achieving stable
dispersions of WS: nanosheets in non-polar base oils remains a formidable challenge due to
the hydrophilic nature of the nanosheet surface and strong van der Waals aggregation forces.
Surface functionalization and careful selection of dispersant additives are therefore essential
for practical lubrication applications. The present research investigates the synthesis,
characterization, and tribological evaluation of WS: nanosheets as additives in PAO-6 base
oil, with a focus on concentration-dependent friction and wear behavior.
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2. Nanosheet synthesis protocol

WS: powder (purity > 99.8%, mean particle diameter 6.5
pm) was procured from Sigma-Aldrich and used without
further purification. Liquid-phase exfoliation was performed
by dispersing 500 mg of WS: powder in 100 mL of N-
methyl-2-pyrrolidone (NMP, anhydrous, Merck) to yield an
initial concentration of 5 mg mL™!. The suspension was
subjected to probe sonication (Qsonica Q700, 700 W, 20
kHz) at 40% amplitude in an ice bath for 5 h to prevent
thermal degradation of the solvent and the nanomaterial.
The resulting dispersion was centrifuged at 3000 rpm for 30
min to sediment unexfoliated bulk particles, and the
supernatant was collected. A second centrifugation at 8000
rpm for 45 min was applied to harvest the exfoliated
nanosheets as a precipitate, which was redispersed in
ethanol and dried under vacuum at 60 °C for 12 h. The final
nanosheet powder was stored in a sealed vial under argon
atmosphere.

Nanofluid preparation was carried out by directly dispersing
measured quantities of the dried WS: nanosheet powder in
PAO-6 base oil (kinematic viscosity: 30 mm? s at 40 °C;
viscosity index: 136) using a high-speed homogenizer at
10,000 rpm for 15 min, followed by 60 min of
ultrasonication in a bath sonicator. No additional dispersants
or surfactants were employed to isolate the intrinsic
tribological contribution of the WS. nanosheets. The
prepared nanofluid concentrations were 0.1, 0.3, 0.5, and 1.0
wt%.

3. Quality control

The physicochemical stability of the prepared nanofluids
was verified through multiple analytical techniques.
Dynamic light scattering (DLS, Malvern Zetasizer Nano ZS)
measurements ~ were  performed immediately  after
preparation, at 24 h intervals, and at one week to monitor
agglomeration. Zeta potential measurements were also
recorded to assess colloidal electrostatic stability.
Thermogravimetric analysis (TGA, TA Instruments Q500)
was conducted under nitrogen flow from 30 °C to 600 °C at
10 °C min™' to confirm the absence of solvent residues and
assess thermal stability. X-ray diffraction (XRD,
PANalytical Empyrean, Cu Ka radiation) was used to verify
the hexagonal WS. crystal structure and estimate crystallite
size via the Scherrer equation. Raman spectroscopy
(Renishaw inVia, 532 nm laser) confirmed few-layer
character by the relative intensities and frequency shifts of
the E%ig and A.g vibrational modes.

Tribological tests were conducted in triplicate using a four-
ball tribotester (Falex Multi-Specimen, ASTM D4172B
protocol). Steel balls (AISI 52100, diameter 12.7 mm,
hardness 64-66 HRC) were cleaned with acetone and dried
prior to each test. The test chamber was refilled with fresh
nanofluid for every individual run. Baseline viscosity and
density measurements were performed before and after
tribological testing to confirm that the nanosheet additive
did not induce significant changes in the bulk rheological
properties of PAO-6.
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4. Experimental

Tribological experiments were conducted at room
temperature (25 + 2 °C) unless otherwise stated. A constant
load of 40 N was applied for the concentration-dependence
measurements, while load-dependent experiments were
performed at the optimal concentration (0.5 wt%) over a
range of 20-60 N. The spindle speed was maintained at 800
rpm (sliding velocity = 0.196 m s™') and the test duration
was 60 min for all experiments. The COF was recorded
continuously by the built-in load cell transducer and
averaged over the final 30 min of each test to eliminate run-
in transients. Wear Scar Diameter (WSD) was measured
using an optical microscope (Olympus BX53) at 100x
magnification, and wear rates were calculated from WSD
values using the Archard equation.

Post-test surface analysis was performed by SEM-EDX (FEI
Quanta 450 FEG) on the lower steel balls at 15 kV
accelerating voltage to characterize the morphology and
elemental composition of the tribofilm. X-ray photoelectron
spectroscopy (XPS, Thermo Scientific K-Alpha) with Al Ka
radiation was employed to determine the chemical bonding
states of tungsten and sulfur within the tribofilm. Atomic
force microscopy (AFM, Bruker Dimension Icon) in tapping
mode was used to quantify surface roughness (Ra) of worn
surfaces.

5. Results and Discussion

The exfoliated WS: nanosheets exhibited a mean lateral
dimension of 312 + 48 nm as determined by transmission
electron microscopy (TEM) analysis, with an average
thickness of 3.2 + 0.7 nm corresponding to approximately 4-
5 monolayers. The Raman spectrum showed characteristic
E%g and Aig modes at 352.4 and 417.8 cm™ respectively,
with a frequency difference of 65.4 cm™ consistent with
few-layer WS.. XRD patterns confirmed the hexagonal 2H-
WS: crystal structure (space group P63/mmc) with no
detectable oxide impurity phases.

The tribological results revealed a strong concentration
dependence. At 0.1 wt% WS:, the mean COF decreased
from 0.142 (neat PAO-6) to 0.118, corresponding to a
16.9% reduction. The most pronounced improvement
occurred at 0.5 wt%, where the COF reached 0.081, a 43.0%
reduction relative to base oil (Figure 1). Beyond 0.5 wt%,
the COF increased marginally to 0.086 at 1.0 wt%,
suggesting that excessive nanosheet loading promotes
agglomerate formation that disrupts the smooth tribofilm.
Wear rate data exhibited the same trend, with a minimum of
2.31 x 107 mm?* N"' m™" at 0.5 wt% compared to 4.82 x 10°°
mm* N™' m™ for neat oil (Figure 2), representing a 52.1%
improvement.

SEM-EDX analysis of the worn surfaces lubricated with the
0.5 wt% nanofluid revealed the presence of a continuous
tribofilm with a uniform distribution of tungsten (W: 4.8
at%) and sulfur (S: 9.2 at%) elements, confirming the
deposition of WS.-derived species. AFM measurements
showed that the average surface roughness (Ra) decreased
from 0.42 pm (dry sliding) to 0.11 um with 0.5 wt% WS:
nanofluid, indicating effective smoothing of asperities
through the tribofilm.
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Table 1: Tribological Performance Parameters of PAO-6 and WS: Nanofluids at Various Concentrations (Load: 40 N, Speed: 800 rpm,

Temperature: 25 °C)

-6 3 -1
Concentration (wt%) Mean COF COF Reduction (%) Wear Ratelﬁi})() mm’ N WSD (mm)
0 (Base oil) 0.142 +£0.012 4.82 +0.38 0.712 £ 0.024
0.1 0.118 +£0.009 16.9 3.91+0.28 0.644 +£0.019
0.3 0.094 £+ 0.007 33.8 2.74 £0.22 0.587 £0.016
0.5 0.081 + 0.006 43.0 2.31+0.18 0.543 £ 0.014
1.0 0.086 + 0.008 394 248 +0.21 0.558 +0.017
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Fig 1: Distribution of Friction Coefficients at Varying WS: Concentrations (Base Oil: PAO-6, Load: 40 N, Speed: 800 rpm, Temperature: 25

oC)
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Fig 2: Wear Rate Distribution as a Function of WS: Nanosheet Concentration (Disk material: AISI 52100 steel, Test duration: 60 min)

6. Conclusion

The present research demonstrates that WS: nanosheets
prepared by liquid-phase exfoliation are highly effective as
lubricant additives in PAO-6 base oil. An optimum
concentration of 0.5 wt% was identified, delivering
maximum reductions of 43.0% in COF and 52.1% in wear
rate relative to neat base oil under standard four-ball
tribotesting conditions. The lubrication mechanism involves
the physical deposition of WS:-rich tribofilms on metallic
surfaces, confirmed by SEM-EDX and XPS
characterization, which reduces direct asperity contact

through both rolling and sliding modes. Colloidal stability
of the nanofluid was maintained for at least 7 days at the
optimal concentration. These findings support the broader
application of TMD nanosheets in industrial lubrication
systems and provide a quantitative basis for the design of
WS:-based nanofluid formulations.
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