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Abstract: Aqueous nanolubricants containing ZrO, nanoparticles, graphene oxide (GO) nanosheets,
or hybrid nanoparticles of ZrO, and GO were formulated using a cost-effective ultrasonication
de-agglomeration method. The friction and wear characteristics of these water-based nanolubricants
were systematically investigated using a block-on-ring testing configuration with a stainless- and
alloy steel contact pair. The concentrations and mass ratios of nanoadditives were varied from 0.02 to
0.10 wt.% and 1:5 to 5:1, respectively, to obtain optimal lubrication performance. The application of a
0.06 wt.% 1:1 ZrO, /GO hybrid nanolubricant resulted in a 57% reduction in COF and a 77% decrease
in wear volume compared to water. The optimised ZrO, /GO hybrid nanolubricant was found to
perform better than pure ZrO, and GO nanolubricant in terms of tribological performance due to
its synergistic lubrication effect, which showed up to 54% and 41% reductions in friction as well as
42% and 20% decreases in wear compared with 0.06 wt.% ZrO, and 0.06 wt.% GO nanolubricants.
The analysis of wear scars revealed that using such a ZrO, /GO hybrid nanolubricant yielded a
smooth worn surface, with 87%, 45%, and 33% reductions in S, compared to water and 0.06 wt.%
71O, and 0.06 wt.% GO nanolubricants. The superior tribological performance can be ascribed to the
combination of the rolling effect of ZrO, nanoparticles and the slipping effect of GO nanosheets.

Keywords: water-based nanolubricant; zirconia; graphene oxide; hybrid nanoparticles; friction; wear

1. Introduction

Mineral-oil-based lubricants are commonly used for industrial lubrication; however,
their usage is frequently seen to raise environmental, health, and economic concerns due to
their non-biodegradable nature and inherent toxicity [1-5]. In this context, water-based
lubricants have recently attracted increasing academic and industrial interest, because
they are clean and environmentally friendly [6-11]. However, water alone cannot offer
satisfactory lubrication because of its low lubricity and weak load-carrying capability. High-
performance additives are therefore introduced into water-based lubricants for enhancing
their friction-reduction and anti-wear capacities.

Innovative nanoparticles with a near-spherical/rounded shape and a high load-
carrying capacity including SiO,, Al,O3, and ZrO; [12-16], carbon-based nanosheets of low
shear resistance such as graphene and graphene oxide (GO) [17-20], and clay nanomaterials
of low cost such as montmorillonite and zeolite [21-23] have recently been applied to water-
based lubrication for achieving improved tribological and machining performance [24-27].
For example, zero-dimensional (0D) Al,O3; nanoparticles of 30 nm were added to water to
prepare an Al,O3; nanolubricant for alloy steel on stainless steel contact [15]. The nanol-
ubricant formed a dynamically balanced tribo-layer during sliding, improving surface
asperity contact, and thus lowered friction and wear by 27% and 22% compared with a
water lubricant. The friction and wear of an alloy steel ball sliding against a low-carbon
microalloyed steel disk was considerably reduced when using a water-based TiO, nanolu-
bricant of 20 nm, because of its mending and rolling effects [28]. Two-dimensional graphene
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nanosheets were dispersed in water for chromium steel on carbon steel contact, which
resulted in respective 53% and 91% reductions in friction and wear rate compared with
water attributed to graphene’s slipping effect [29]. An aqueous nanolubricant containing
GO nanosheets of 2 nm thickness was found to produce a self-lubricating film to miti-
gate asperity ploughing during sliding, thus lowering the contact friction of an alloy steel
ball on stainless-steel plate by around 45% in comparison to deionised water [30]. Due
to their satisfactory tribological performance, water-based nanolubricants have recently
been applied to different processes, such as rolling [31], turning [32], milling [21], and
grinding [25], for achieving high-performance and green manufacturing. For example, a
4.0 wt.% TiO, nanolubricant was innovatively used to hot roll low-carbon microalloyed
steels, which performed comparably to a conventional 1.0 vol.% oil-in-water lubricant in
terms of rolled strip surface quality and rolling forces at rolling temperatures of 850 and
950 oC [31]. Water-based nanolubricants containing CuO, ZnO, Fe; O3, or Al,O3 were also
developed for turning AISI 4340 steels [32]. The CuO nanolubricant presented a great
heat-carrying capacity, and it produced a protective film that resulted in a decreased cutting
force and reduced tool wear. Water-based GO nanolubricants were employed for grinding
GaAs wafers [24] and GGG laser crystals [25], which significantly reduced friction at the
abrasives—workpiece interface, resulting in a much lower grinding force and improved
surface quality compared with an emulsion coolant. In recent years, due to their excellent
tribological performance and low-cost and environment-friendly nature, a water-based
lubricant using montmorillonite clay nanoparticles as additives were employed to mill
AISI 1018 steel plates [22] and AISI 4340 steel bars [33]. The nanolubricant performed better
than a conventional mineral-oil-based emulsion in terms of machined surface quality and
tool life. Although much work has shown promising tribological and machining results
when using 0D or 2D nanomaterials as lubricant additives, these nanoadditives in water
lubricants have a tendency to agglomerate or restack due to their high surface energy
and activity. This causes sedimentation, increasing particle size, and limits formation of
self-lubricating films, thus resulting in failure of lubrication [34].

In recent years, the use of hybrid nanoparticles as lubricant additives, such as Al,O3/
MoS; [35], TiO,/GO [16], and TiO,/montmorillonite clay [33], has been reported to be
an effective approach to achieve improved lubrication performance. For instance, Huang
et al. [34] synthesised an aqueous hybrid nanolubricant through dispersing Al,O3 nanopar-
ticles in a water-based GO nanosheet solution, and found that such dimensional integration
could relieve Al,O3 agglomeration and restrain GO restacking in water. The Al,O3/GO
nanolubricant thus produced a significant decrease in friction and wear, as well as a con-
siderable improvement in the worn surface quality compared to the nanolubricant only
containing Al,O3; or GO nanoadditives. In addition to their environment-friendly and
low-cost nature, ZrO, nanoparticles have demonstrated excellent desirable properties for
water-based lubrication, such as high load-carrying capacity and excellent durability [16].
Hydrophilic GO nanosheets can form a stable suspension in water [19,30], which makes
them attractive additives for water-based lubricants. However, until now, few efforts
have been made to explore the tribological characteristics and mechanisms of water-based
lubricants with ZrO, /GO hybrid nanoparticles as additives [16].

In this work, aqueous hybrid nanolubricants were formulated by ultrasonically mixing
ZrO, nanoparticles in GO suspensions. The tribological properties of the developed
nanolubricants were systematically investigated utilizing a block-on-ring testing approach
with stainless steel on alloy steel contact, with water serving as a benchmark lubricant.
The concentrations and mass ratios of nanoadditives were changed to gain an optimal
lubrication performance. The roles of nanoadditives in water-based lubrication were
investigated and discussed.
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2. Materials and Methods
2.1. Formulation of Nanolubricants

Zero-dimensional-ZrO, nanoparticles of ~30 nm in diameter (purchased from XF-
NANO Co. Ltd., Nanjing, China) and 2D-GO nanosheets (supplied by Hengqiu Graphene
Technology Co. Ltd., Suzhou, China) were used as nanoadditives. The GO nanosheets
had a lateral diameter of ~5 pm and a thickness of 1~2 nm. Distilled water was employed
as a base solvent. ZrO,/GO hybrid nanolubricants were synthesised as follows. ZrO,
nanoparticles and GO nanosheets were mechanically mixed in water at mass ratios of ZrO,
to GO of 1:5, 2:4, 3:3, 4:2, and 5:1 with a fixed additive content of 0.06 wt.% [30]. The ZrO,
and GO mixture suspensions were then processed using a 450 W high-intensity ultrasonic
probe for 30 min to dimensionally integrate ZrO, with GO. The ZrO, /GO nanolubricants
with different contents of 0.02, 0.04, 0.06, 0.08, and 0.10 wt.% at a constant ZrO, to GO mass
ratio of 1:1 were also formulated to optimise lubrication performance [34]. A ZrO, or GO
nanolubricant with a 0.06 wt.% additive content was prepared for comparison.

The morphologies of ZrO, nanoparticles, GO nanosheets, and ZrO,/GO hybrid
nanoparticles dispersing in water were examined using transmission electron microscopy
(TEM, JEM-2100, JEOL, Japan). In Figure 1la, ZrO; nanoparticles have a uniform size
distribution with near-spherical/rounded shapes, but they are agglomerated in water,
forming network clusters. The TEM image in Figure 1b shows that GO nanosheets are
super-thin with micro-scale wide coverage, and are highly transparent with wrinkles on
their surfaces. Figure 1c demonstrates that ZrO, nanoparticles are sparsely deposited onto
GO nanosheets. The agglomeration sizes of ZrO, nanoparticles are much smaller than
those shown in Figure 1a, indicating a better dispersion performance with dimensional
hybridization of 0D nanoparticles and 2D nanosheets.

Figure 1. TEM images showing (a) GO nanosheets, (b) ZrO, nanoparticles, and (c) ZrO, /GO hybrid
nanoparticles dispersed in water.

2.2. Tribological Tests

The friction and wear performance of the formulated nanolubricants was assessed us-
ing a block-on-ring contact pair on a multi-specimen tribometer (UMT-3, Bruker, USA) [16].
Water was utilised as a benchmark lubricant for comparison. The block used was made of
AISI 304 stainless steel and was ground with SiC abrasive paper of 15.3 pm before each
test. The ring employed was made of AISI 52100 Cr alloy steel and was processed using
a 15.3 um SiC abrasive paper to maintain its surface texture. Considering the potential
application in metal forming processes, the testing was performed at normal loads of 15, 20,
25, and 30 N, and sliding speeds of 200, 300, 400, and 500 mm /s with a fixed sliding distance
of 12 m [5,31]. Each test was repeated three times, and average values were reported.

The steel blocks were ultrasonically cleaned in an acetone bath for 5 min after friction
testing. The wear scar widths of the blocks were measured using a laser confocal microscope
(LEXT OLS4100, Olympus, Tokyo, Japan). The wear volume (Vw, in mm?) was then
calculated using [23]:

D _ . _1b ) . _1b
Vw = 5 [2sin D sin(2 sin 5)] (1)
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where D is the diameter of the ring (35 mm), ¢ is the width of the block (6 mm), and b is the
average width of the wear scar. A scanning electron microscope (SEM, JEOL, JSM-6610,
Tokyo, Japan) equipped with an energy-dispersive X-ray spectroscope (EDS) module and
an inVia confocal Raman microscope (Renishaw plc., London, UK) was used to analyse the
worn surfaces of the blocks.

3. Results and Discussion
3.1. Friction and Wear Properties of Nanolubricants

Figure 2 displays the coefficient of friction (COF) curves achieved from the tribological
tests using water, 0.06 wt.% ZrO;, 0.06 wt.% GO, and 0.03-0.03 wt.% ZrO, /GO nanolu-
bricants with a normal force of 20 N and a sliding speed of 300 mm/s. For all four tested
lubricants, the COF reaches a steady state after running in for approximately 3 m. Water
has a high COF of over 0.5 in the steady wear state. The addition of nanoadditives in water
yields smaller COF values; particularly, the ZrO, /GO nanolubricant produces the lowest
COF value of approximately 0.23 among all the three tested nanolubricants, as shown
in Figure 2. This result clearly indicates that the application of the hybrid nanolubricant
produced the best interfacial lubrication.

0.8 ! T T T T

—o— Water —v— 710,
——GO  —o— Z10,/GO
0.0 1 1 1 1 L

0 2 4 6 8 10 12
Sliding distance (m)

Figure 2. COF time histories generated using water, 0.06 wt.% ZrO,, 0.06 wt.% GO, and
0.03-0.03 wt.% ZrO, /GO nanolubricants. The friction tests were conducted at a normal force of 20 N
and a sliding speed of 300 mm/s.

The effects of the mass ratio of ZrO, to GO and nanoadditive content on the averaged
COF using ZrO, /GO hybrid nanolubricants are shown in Figure 3. Note that the ZrO, /GO
content was fixed at 0.06 wt.%, and the COF values of water, the 0.06 wt.% ZrO,, and
0.06 wt.% GO nanolubricants were plotted in the figure for comparison. It can be seen in
Figure 3a that the addition of ZrO; or GO in water generates a lower COF value, indicating
an improved interfacial lubrication performance. When ZrO, /GO hybrid nanolubricants
were employed, the COF decreased slightly and then increased significantly as the ZrO; to
GO mass ratio changed from 1:5 to 5:1. The hybrid nanolubricant containing 0.03 wt.% ZrO,
and 0.03 wt.% GO yielded the lowest COF, with its values being 57%, 54%, and 41% lower
than those of the baseline water and the ZrO, and GO nanolubricants, respectively. The
results suggest that such dimensional integration indeed helped improve the anti-friction
performance of each nanoadditive. In other words, a synergistic lubricating action is in
effect when using ZrO, /GO nanocomposites as an additive in water [33,34].
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Figure 3. Effects of (a) ZrO, to GO mass ratio and (b) nanoadditive content on averaged COF with
ZrO, /GO nanolubricants at a testing load of 20 N and a sliding speed of 300 mm/s. The COF values
of water and 0.06 wt.% ZrO; and 0.06 wt.% GO nanolubricants were used for comparison.

Figure 3b shows that the nanolubricants generate lower COF values than water, clearly
confirming their good friction-reduction performance. When ZrO, /GO nanolubricants
were used, the increase in additive content from 0.02 to 0.06 wt.% resulted in a substantial
decrease in COF, and a further increase in content had an insignificant effect on the COF.
This result indicates that nanoadditive content indeed has an optimal value regarding lubri-
cation performance, as reported in He et al. [15]. Again, the ZrO, /GO hybrid nanolubricant
produces lower interfacial friction compared to the ZrO; and GO nanolubricants for all
the tested contents, as illustrated in Figure 3b, which was most likely due to its synergistic
lubrication effect.

Figure 4 shows the effects of nanoadditive mass ratio and content on the averaged wear
volume (WV) produced using the ZrO, /GO hybrid nanolubricants at a normal load of 20 N
and a sliding speed of 300 mm/s. Similarly, the WV values of water and the 0.06 wt.% ZrO,
and 0.06 wt.% GO nanolubricants were included in the figure for comparison. The ZrO,
and GO nanolubricants generated significantly less wear than water, with a higher WV
value for the ZrO, nanolubricant due to the polishing effect of the ZrO, nanoparticles [7].
As shown in Figure 4a, for the ZrO, /GO nanolubricants the effect of mass ratio on the
wear loss is inconsistent. The hybrid nanolubricant with a ZrO,-GO mass ratio of 3 to
3 generates the smallest wear volume, showing up to 42% and 20% reductions compared
with the ZrO; and GO nanolubricants. A further increase in the mass percentage of ZrO,
nanoparticles causes a substantial increase in wear attributed to the increased polishing
effect as more ZrO, nanoparticles are involved in sliding.

Figure 4b depicts that the GO-related nanolubricants produce smaller wear volume
values than the baseline water and the ZrO, nanolubricant. This is likely because 2D-GO
nanosheets have better lubricity than 0D nanoparticles in water-based lubrication [36]. The
wear loss of the ZrO, /GO hybrid nanolubricants is significantly less than that of water
at all the tested contents, as displayed in Figure 4b, indicating improved wear resistance.
Again, the hybrid nanolubricant containing 0.03 wt.% ZrO, and 0.03 wt.% GO yielded the
least wear.

The friction and wear results clearly indicate that aqueous nanolubricants with
ZrO, /GO hybrid nanoadditives could produce a synergistic lubrication effect in friction
and wear reduction. The nanoadditive mass ratio and content indeed had optimal values
in terms of friction-reduction and anti-wear performance. The ZrO, /GO nanolubricant of a
ZrO, to GO mass ratio of 1:1 with a content of 0.06 wt.% was thus selected for further tests.
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Figure 4. Effects of (a) ZrO, to GO mass ratio and (b) nanoadditive content on averaged wear volume
using ZrO, /GO nanolubricants. The wear volume values of water and 0.06 wt.% ZrO, and 0.06 wt.%
GO nanolubricants were used for comparison. Applied load = 20 N and sliding speed = 300 mm/s.

3.2. Effect of Testing Conditions on Friction-Reduction Performance

The COF values of the 0.06 wt.% ZrO,, 0.06 wt.% GO, and 0.03-0.03 wt.% ZrO, /GO
nanolubricants are plotted in Figure 5, as a function of applied load or sliding speed. The
results achieved with water were used as benchmarks. In Figure 5a, a higher load yields
a higher COF for all four tested lubricants as a result of the increased pressure of contact.
However, the ZrO, /GO hybrid nanolubricant produced the smallest COF compared to
those obtained using water and the ZrO, and GO nanolubricants, clearly demonstrating
its better performance in reducing friction. It can be seen from Figure 5b that the COF
decreases with the increase in sliding speed for all the tested lubricants because of the
reduced ploughing intensity of surface asperities. The ZrO, nanolubricant generated
slightly smaller COF in comparison to water at all the tested speeds. The ZrO, /GO hybrid
nanolubricant, however, resulted in the lowest COF, followed by the GO nanolubricant.

(a)

= D <

0.8

IR LRI
@*+ §-I-+

n 02_

>
—>—
—a— D e

O Water ¥ Zr0O,
A GO B Zr0,/GO

! L 0-0 ! 1 L 1
20 25 30 200 300 400 500

Applied load (N) Sliding speed (mm/s)

Figure 5. Effects of (a) applied load and (b) sliding speed on COF produced using water and 0.06 wt.%
Zr0,, 0.06 wt.% GO, and 0.03-0.03 wt.% ZrO, /GO nanolubricants.

3.3. Effect of Testing Conditions on Anti-Wear Performance

Figure 6 displays the effects of testing load and speed on the wear volume produced
using water and the ZrO,, GO, and ZrO, /GO nanolubricants. For all four tested lubricants,
the wear volume increases substantially with the increase in applied load from 15 to 30 N.
This is because a higher load could increase the ploughing intensity of surface asperities
of the ring, thus resulting in the higher material removal of the block. The ZrO,/GO
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hybrid nanolubricant yields the lowest wear volume, as shown in Figure 6a, indicating
the significantly improved asperity contact with the hybrid nanoadditives. In Figure 6b, a
faster sliding speed generates less wear for all the tested lubricants, with the smallest wear
volume achieved by the ZrO, /GO hybrid nanolubricant. The results again demonstrate
the effectiveness of the hybrid nanoparticles in improving the wear resistance of water.

: . . . 3.0 .
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Figure 6. Effects of (a) applied load and (b) sliding speed on wear volume produced using water and
0.06 wt.% ZrO,, 0.06 wt.% GO, and 0.03-0.03 wt.% ZrO, /GO nanolubricants.

3.4. Worn Surface Characteristics

Figure 7 presents the SEM micrographs of the worn surfaces lubricated with water
and the 0.06 wt.% ZrO,, 0.06 wt.% GO, and 0.03-0.03 wt.% ZrO, /GO nanolubricants at a
normal force of 20 N and a sliding speed of 300 mm/s. In Figure 7a, delamination with
slight grooves is clearly observed on the worn surface produced with water. During sliding,
water had a weak capacity to relieve the “cold welding” of surface asperities due to its poor
lubricity, thus resulting in the occurrence of material adhesion and peeling (see Figure 7b).
The addition of ZrO, or GO improved asperity contact, thus producing a smoother surface
with more visible ploughing grooves in comparison with water, as displayed in Figure 7b,c.
The corresponding enlarged images shown in Figure 7f,g demonstrate that the sliding with
the ZrO, and GO nanolubricants is mainly in the abrasive wear regime. It can be seen in
Figure 7d,h that the ZrO, /GO nanolubricant yields the smoothest worn surface and has no
delamination in the sliding area due to its excellent synergistic lubrication performance.
The performance of the ZrO, /GO nanolubricant in surface quality improvement was also
quantitatively compared with water and the ZrO, and GO lubricants. As depicted in
Figure 8, the ZrO, /GO nanolubricant produces the lowest surface roughness, with 87%,
45%, and 33% reductions in S, compared to water and the ZrO, and GO nanolubricants,
respectively.
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Figure 7. Worn surfaces generated using (a) water and (b) 0.06 wt.% ZrO,, (c) 0.06 wt.% GO, and
(d) 0.03-0.03 wt.% GO/ ZrO; nanolubricants; (e-h) are their corresponding enlarged SEM images.
Testing load = 20 N and sliding speed = 300 mm/s.
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Figure 8. Averaged surface roughness (S,) values achieved using water and 0.06 wt.% ZrOy, 0.06 wt.%
GO, and 0.03-0.03 wt.% ZrO, /GO nanolubricants with an applied load of 20 N and a sliding speed
of 300 mm/s.

3.5. Lubrication Mechanism Analysis

Understanding the roles of nanoadditives in water is crucial to optimizing the aqueous
nanolubricant formulation for any specific mechanical contact system. To date, a number
of lubrication mechanisms have been proposed to explain the improvement in lubrication
with the application of nanoparticles as additives in water lubricants [7,28], including the
ball bearing/rolling effect, polishing/smoothing effect, protective/lubricating film effect,
and synergistic lubrication effect, as schematically illustrated in Figure 9. Nanoparticles
with high hardness and spherical/rounded shapes can serve not only as tiny balls to
generate a hybrid friction process of rolling and sliding to achieve decreased friction (see
Figure 9a), but also polishing media to help smoothen surface asperities during sliding,
thereby producing improved surface quality (see Figure 9b). Nanoparticles that possess
moderate hardness and high chemical inertness likely form a protective film at the sliding
area through a tribo-physical reaction, as displayed in Figure 9c. The film functions as a
tribo-layer to lower friction and wear through improving asperity contact. Nanoadditives
that have low hardness and lamellar structures, however, can deposit onto contact surfaces
during sliding to generate a lubricating film through tribo-chemical or physical reactions,
as shown in Figure 9d. The film can considerably lower friction and wear through relieving
asperity ploughing. As illustrated in Figure 9e, hybrid nanoadditives consisting of two
different dimensional nanomaterials can simultaneously obtain friction reduction and
surface quality improvement through a synergistic lubrication effect produced by tribo-
layer formation and asperity smoothing.

(a) T’ (b) T (c) T’

D0 0 006 107036, 0% %0

— —
@ ) \Y% @  Nanoparticle

= e 0 =0 | 4 Denis
E== Nanosheets

Figure 9. Lubrication mechanisms of nanoadditives suspended in water, including (a) rolling effect,
(b) polishing effect, (c) protective film effect, (d) lubricating film effect, and (e) synergistic lubrication
effect [7]. Reproduced with permission from [7]. Copyright Elsevier, 2022.
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To understand the lubrication mechanism of ZrO,, GO, and ZrO, /GO nanolubri-
cants, the corresponding worn surfaces were analysed using EDS and Raman microscopy.
Figure 10a—d display the EDS spectra conducted on the squared areas marked on the
worn block surfaces shown in Figure 7e-h, respectively, and the typical elements and their
corresponding weight percentages are listed in Table 1. Zr was clearly detected on the worn
surface lubricated with the ZrO, nanolubricant, as can be seen in Figure 10b, suggesting
that during sliding the ZrO, nanoparticles dispersed in water formed a localised ZrO,
tribo-layer on the rubbing areas [37]. This layer could help relieve asperity welding (i.e.,
adhesive wear), thus leading to the reduced friction force and the improved worn surface
quality. Compared to water, higher C residue is observed on the worn surface of the GO
nanolubricant, as displayed in Table 1. The corresponding Raman spectrum in Figure 10e
shows two notable peaks at 1345 cm ! and 1615 cm ™!, representing D and G bands of GO,
respectively [34]. This result indicates that the GO nanosheets dispersed in water indeed
participated in the sliding. The GO-related film could serve as a lubrication layer to improve
asperity contact, leading to the reduced friction and wear. Similarly, the worn surface of the
ZrO, /GO nanolubricant detected a higher C content than that using water, but has no de-
tectable signs of Zr on the rubbing area, as shown in Figure 10d. The corresponding Raman
spectrum shown in Figure 10f exhibits no peaks of ZrO, in the range 200 to 800 cm ! [38],
while the spectrum obtained from the worn surface presents the typical D and G bands
of GO. This was most likely because during sliding the ZrO, nanoparticles, instead of
generating a deposit layer on the rubbing area, rolled between the contact surfaces with
the lubricant flow due to the reduced interfacial shear resistance resulting from the GO
nanosheets, as reported in [16]. In addition, as shown in Figure 10f, the intensity ratio
of D to G bands (Ip/Ig) is 0.92, smaller than that of 1.04 on the worn surface lubricated
with the GO nanolubricant. The decrease in I /I indicated lower defects on GO surfaces,
which was ascribed to the improved lubrication as a result of the combination of ZrO,
and GO [34]. The synergistic lubricating effect of GO nanosheets and the rolling effect of
Z1rO; nanoparticles helped suppress asperity welding and relieve asperity ploughing, thus
resulting in the significantly improved tribological performance. In contrast, water alone
could not prevent surface asperities from direct contact, thus resulting in the severe wear
and friction.

Table 1. EDS analysis results of the squared areas marked on the worn surfaces shown in Figure 7e f, gen-
erated using water, and the 0.06 wt.% ZrO,, 0.06 wt.% GO, and 0.03-0.03 wt.% ZrO, /GO nanolubricants.

Analysed Area Lubricant C (0] Zr Cr Ni Mn Si Fe
EDS 1 Water 1.6 0.5 / 14.7 5.6 0.9 0.6 76.1
EDS 2 V4{0)) 1.8 1.7 0.9 17.0 7.3 1.2 0.4 69.7
EDS 3 GO 4.4 3.5 / 14.7 6.5 0.9 0.6 69.4
EDS 4 710, /GO 3.6 2.8 / 14.8 5.9 0.9 0.6 714
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Figure 10. EDS spectra achieved with (a) water and (b) 0.06 wt.% ZrO;, (c) 0.06 wt.% GO, and
(d) 0.03-0.03 wt.% ZrO, /GO nanolubricants, which were conducted on the squared areas marked in

Figure 7e,f, respectively, and Raman spectra detected on the worn areas produced using (e) 0.06 wt.%
GO and (f) 0.03-0.03 wt.% ZrO, /GO nanolubricants.

4. Conclusions
Novel water-based hybrid nanolubricants were developed through ultrasonically dis-
persing ZrO, nanoparticles in GO aqueous suspensions, and their tribological performance
was evaluated. The roles of nanoadditives in water-based nanolubrication were analysed
and discussed. Key conclusions drawn from this study are shown below:
e Dimensional integration is an effective approach to improve nanoparticle dispersion
in water.
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e Addition of nanoadditives to water can improve its tribological performance, and there
is an optimal concentration and mass ratio of nanoadditives for the best lubrication
performance.

e In water-based lubrication, 0D-ZrO, nanoparticles are likely to generate a localised
deposit layer on the rubbing area. This tribo-layer can help relieve asperity welding,
i.e., adhesive wear, thus resulting in reduced friction and improved surface quality.

e In water-based lubrication, 2D-GO nanosheets tend to form a lubricating layer of low
shear resistance on the sliding area. This self-lubricating layer can improve asperity
contact and ploughing, thereby leading to reduced friction and wear.

e  Hybrid nanoadditives of ZrO, nanoparticles and GO nanosheets can produce a syn-
ergistic friction-reduction and anti-wear effect in water-based lubrication, reliving
abrasive wear (i.e., asperity ploughing) and suppressing adhesive wear (i.e., asperity
welding), which thus enables the achievement of both improved tribological perfor-
mance and enhanced surface quality.
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