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Abstract The lubrication performance of alumina (Al,O3)
nanoparticle water-based suspensions was systematically
investigated using a ball-on-three-plate testing configura-
tion with alloy steel on stainless steel contact. The size and
concentration of Al,O3 nanoparticle were varied to obtain
optimal performance. The effects of testing load, sliding
speed and contact surface roughness on the lubrication
performance of the Al,O; suspensions were investigated. It
was found that 1 to 2 wt.% 30 nm Al,O5; nanoparticle
suspensions showed up to 27% friction and 22% wear
reduction, in comparison with water glycerol solution.
Under different testing conditions, the suspensions also
showed noticeably more stable and improved tribological
performance. Wear mark analysis revealed that during
tribological testing the nanoparticles formed a layer of
dynamically balanced tribo-thin film, preventing the direct
contact between asperities of alloy steel ball and stainless
steel plate. The nanoparticles were also believed to fill up
the trenches of the plate surface through mending effect
and carry the wear debris induced in running-in period to
avoid abrasive wear.
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1 Introduction

Lubrication has been a long standing issue in many
industrial applications as it can significantly affect the
wear, as well as energy consumption of machineries [1].
Over the decades, oil and oil-based emulsion lubricants
were widely used to reduce wear and friction between a
contact pair. The balanced viscosity and shear strength of
oil-based lubricants enable the separation of the contact
pair through a film dynamically formed during sliding. In
such cases, friction regime is shifted from solid/boundary
friction to mixed and hydrodynamic lubrication [2].
Despite their widespread applications, oil-based lubricants
do have some drawbacks such as toxicity and non-
biodegradable nature.

As a consequence, a great research effort was directed
towards developing water-based lubricants [3]. In addition
to its environment-friendly and low-cost nature, water-
based lubricants demonstrated excellent desirable proper-
ties for tribological applications, such as high burning
resistance, and high heat conductivity [4]. However, water
by itself cannot provide satisfactory lubricating perfor-
mance in some applications because of its inherent prob-
lems, e.g. low viscosity, corrosion, and low boiling point
[5, 6]. In order to improve the water-based lubricant per-
formance, additives including various chemical compounds
and particulate solids were often used [7]. Some nano-sized
particles and platelets were demonstrated to be effective
additives to improve the tribological performance of water-
based lubricants. For example, laminated structure nano-
materials, such as h-BN and graphene oxide, can be stably
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dispersed in water, and they have been shown to enhance
wear resistance and reduce coefficient of friction [8, 9].
The drawbacks are that these lubricants are typically dif-
ficult to synthesis, and they tend to have poor thermal
stability for high-temperature tribological applications.
Metal materials such as Cu, Fe and Co were reported to
significantly reduce the coefficient of friction characterised
by four ball testing using Cr6 bearing steel balls [10, 11].
However, those metallic nanoparticles are difficult to dis-
perse in water [12].

Metallic oxide nanoparticles, such as TiO,, Fe,O3, ZnO,
CeO, and Al,O3, have demonstrated promising properties
as additives for water-based lubricants. The nanoparticles
are typically thermally stable with superb heat conductivity
[9, 12—-18], and their dispersing stability in water can be
handily improved through mechanical mixing and addition
of nontoxic surfactants [15, 16]. Nevertheless, the role of
nanoparticles in tribological performance is still not well
understood. For instance, Radice et al. [16] found Al,O;
nanoparticles could reduce the coefficient of friction by
40-50% and the wear rate by one order of magnitude for a
stainless steel plate to alumina ball contact. In contrast,
Gara et al. [12] compared the tribological performance of
ZnO and Al,O3; nanofluids using a steel-to-steel ball-on-
disc testing configuration, and found that Al,O; possessed
anti-friction properties, but could not reduce wear. Com-
pared with ZnO, Al,O5 nanoparticles produced more sig-
nificant wear because of its much higher hardness.
Apparently, the mechanism and tribological performance of
Al,O5 water-based nanofluids need to be further clarified.

In this work, we report a systematic tribological study of
the Al,O3 nanoparticle water-based lubricants using a ball-
on-three-plate tester. The effects of nanoparticle size,
concentration, testing speed, load and contact roughness on
the tribological performance were comprehensively inves-
tigated. By use of wear mark analysis, the lubrication
mechanism of Al,O; nanoparticle suspensions for alloy
steel on stainless steel contact was revealed.

2 Experiments
2.1 Al,O5; Nanoparticle Suspensions

Al,O5 nanoparticles of 30, 150, and 500 nm in diameter
were used in this study, which are commercially available
(supplied by Yurui Chemical Co. Ltd, China). The mor-
phology of the nanoparticles was examined using a trans-
mission electron microscopy (JEM2100, JEOL, Japan).
Figure la—c shows the TEM images of the three Al,O3
nanoparticles, respectively. As shown in Fig. 1a, the 30-nm
particles have uniform size distribution, and the particle
shapes are quite spherical. The shapes of 150 and 500 nm
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nanoparticles are less spherical, exhibiting irregular mor-
phologies. Figure 1d shows the representative XRD spectra
of Al,O3; nanoparticle, indicating that the particles have
crystal structure of o-a trigonal (R-3c), which was formed
via thermal dehydroxilation at above 1300 °C.

The concentration of Al,O3; nanoparticles being studied
in this work ranged from 0.2 to 8 wt.%, which is generally
believed to be the effective range of nanoparticle suspen-
sions for lubrication applications [19]. Glycerol is often
used in water-based lubricants as a viscosity modifier,
which is safe to human body and environmental friendly.
Different content (up to 10 wt.%) of glycerol was added to
investigate its effect on tribological performance of the
suspension. The abbreviation, Gly, was used in the graphs
to represent the addition of 10 wt.% glycerol to water. To
disperse nanoparticles into water uniformly, ultrasonic
probe (Branson Digital Sonifier 450, USA) was used to
mechanically deagglomerate Al,O3 nanoparticles. A high-
intensity ultrasonic agitation of 400 W was applied for
10 min with a 5-s on/off interval. Circulated chilling water
bath was used to maintain suspension temperature during
the agitation process. The synthesised nanoparticle sus-
pensions were found to be stable without sedimentation
over 3 days, after which the dispersions could be restored
to their original status by ultrasonic bathing for 5 min.
Water with 10 wt.% glycerol solution was used as a bench
mark for comparison.

2.2 Ball-on-Three-Plate Tests

Figure 2a shows the Modular Compact Rheometer (or
MCR, Anton Paar, Austria) with a tribological ball-on-
three-plate testing module, and Fig. 2b is the close view of
the ball-on-three-plate set-up. As shown in Fig. 2c, the
upper ball is placed on the three lower plates with a pre-set
normal load applied. The lower plates are fixed, forming
45° to the rotating axis and the plate holder is suspended so
that the plates can be centred when a normal load is
applied. During testing, the ball rotates in contact with the
fixed lower plates, and the torque experienced by the
rotating ball was recorded. The specifications of the balls
and plates are shown in Table 1. The as-received plates
have an average roughness of 292 + 87 nm, measured by a
stylus profiler (DektakXT Stylus Profiler, Bruker, USA).
To investigate the effect of roughness, the plates were also
lapped to have the roughness values of 206 + 27 and
37 £ 6 nm. The sliding speed was varied from 20 to
100 mm/s, and the normal load was changed from 10 to
40 N, which corresponds to a Hertzian contact pressure of
645 MPa to 1.02 GPa. The total sliding distance of 7.5 m
was kept the same for all the tests. Prior to tribological
testing, both balls and plates were ultrasonically cleaned in
acetone for 10 min. The ball and plate were replaced after
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Fig. 1 TEM images of Al,O3 nanoparticles with average sizes of a 30, b 150, and ¢ 500 nm; d the XRD spectrum of the 30 nm Al,O3

nanoparticles

Fig. 2 a Front view of a ball-
on-three-plate tester; b upper
ball hovering over the plates and
plate holder; ¢ schematic
illustration of the testing
configuration

Table 1 Specifications of the

balls and plates used in ball-on- Material Surface treatment Surface roughness (nm)
three-plate tests Ball AISI 52100 alloy steel Lapped 1.1+ 04
Plate AISI 304 stainless steel Milled 270.7 + 18.7
#120 lapped 206.2 + 27.6
#1200 lapped 37.0 £ 6.2

each test to maintain the same experimental context. Each
test was repeated three times and the results were averaged.

2.3 Wear Mark Analysis

After testing, the lower plates were cleaned ultrasonically
in acetone for 5 min to remove any loose debris and

excessive nanoparticles. The wear marks on the plates were
measured by use of a laser confocal microscope (LEXT
OLS4100, Olympus, Japan). The wear surfaces were
examined using a field emission scanning electron micro-
scope (FE-SEM, JSM-7001F, JEOL, Japan). The elemental
study on selected spots and mapping was performed by use
of energy-dispersive X-ray (EDS) analysis.
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3 Results and Discussion
3.1 Characteristics of Tribological Testing

Figure 3 shows the coefficient of friction (COF) time his-
tories, represented by the COF-distance curves. The results
were obtained from the tribological tests at 50 mm/s and
40 N with no lubrication (i.e. dry condition), 2 wt.% Al,O3
suspension and water glycerol solution. Under the dry
condition, the COF increased to a significantly high value
of above 0.8 at the beginning of testing, which fluctuated
considerably. The test was terminated earlier than the
others because very loud noise and strong vibration were
generated. When water and Al,O5 suspension were used, at
the initial stage over a travel distance of 1.5 m, the COF
was relatively high as severe asperity contact occurred and
material removal took place, which is commonly known as
the running-in period [20, 21]. After the running-in period
ended, COF became quite stable, which was almost irrel-
evant to the distance being used in this test.

The wear mark sizes were measured at the distances of
0.75, 1.5, 4.5 and 7.5 m, respectively. Figure 4 shows the
wear mark radii for all the tests. Without lubrication, the
wear rate was high, with the wear mark radius increased to
317 pm in the 3-m test. In comparison, for the lubricated
cases, the running-in period was observed approximately in
the beginning distance of 1.5 m. During this period, the
wear mark radius increased significantly to above 100 pm
due to the severe asperity contact. After running-in, for
water glycerol solution the wear reached the stable status
quickly, and the wear mark radius increased gradually from
137 to 167 um over the 6-m testing distance. However, for
the 2 wt.% Al,O3 suspension, the wear mark sizes
remained almost at the same level of 120 pm with distance,
in line with the COF (Fig. 3). Similar phenomenon was
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Fig. 3 COF—distance curves of tribological tests using 2 wt.% Al,O3
suspension and water glycerol solution, compared with dry condition
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Fig. 4 Wear mark radius at different testing distances of tribological
tests using 2 wt.% Al,O3 suspension and water glycerol solution,
compared with dry condition

reported in the previous study on the lubrication of oxide
nanoparticles [17].

3.2 Effect of Glycerol

Figure 5 shows the effect of glycerol, which was added
into water and 2 wt.% Al,Oj3 suspension, on COF and wear
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Fig. 5 Effect of glycerol content on a COF and b wear mark radius
yielded by water and 2 wt.% Al,O5 suspension
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mark radius. The addition of glycerol into pure water
showed little effect on COF and wear mark size. The COF
and wear mark radius remained almost constant at
0.322 4+ 0.006 and 155.1 £ 3.6 um for all the glycerol
contents, respectively. The increase in glycerol content in
water would increase the viscosity of the solution and its
wettability to the steel surface slightly. However, such a
change in viscosity and wettability did not make significant
effect on the lubrication performance under the current
testing condition.

The glycerol content in the Al,O5; nanoparticle suspen-
sion did make impact on the lubrication performance. As
shown in Fig. 5, the increase in glycerol content from 0 to
10 wt.% resulted in substantial decrease in both COF (from
0.4 to 0.24) and wear mark radius (from 167.9 to
132.1 pm), though the decrease in wear size became
insignificant when the glycerol content was over 2 wt.%.
When the glycerol content exceeded 2 wt.%, the Al,O3
suspension showed lower COF and smaller wear mark
radius than that of the solvent. This is because Al,O;
nanoparticle surfaces adsorbed glycerol, and the hydroxyl
group on glycerol thus improved the nanoparticle-steel
adhesion.

3.3 Effect of Particle Size and Concentration

Three different Al,O5 nanoparticles of 30, 150 and 500 nm
in diameter were used for examining the size effect. They
were dispersed in water with 10 wt.% glycerol. The tests
were performed under a normal load of 40 N and a sliding
speed of 50 mm/s. Figure 6 shows the COF-distance
curves obtained from the tribological tests. The curve of
water glycerol solution was also plotted in the figure for
comparison. The COF curves appear quite stable across the
entire travel distance. It should be noted that in this fig-
ure only the last 2.5 m of COF values were collected, to
remove the effect of the running-in period. As shown in
Fig. 6, the smaller the particle size used, the smaller the
COF was induced, with the water glycerol solution pro-
ducing the highest COF.

Figure 7 shows the averaged COF and wear mark radii
obtained from the tests with the Al,O3; nanoparticle water-
based lubricants with different particle sizes and concen-
trations. Note that “0%” concentration refers to the water
glycerol solution. It is clear that with the addition of Al,O3
nanoparticles into water the lubricants showed lower COF
and smaller wear marks than the water glycerol solution. It
is seen in Fig. 7a that the decrease in COF with the
increasing particle concentration almost reached the mini-
mum at 2 wt.%, and further increase in concentration did
not reduce the COF. Similarly, as shown in Fig. 7b, the
wear mark radius decreased with the increase in concen-
tration to 1 wt.%, and further increase resulted in a slight
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Fig. 6 COF-distance curves of a 1 wt.%, and b 2 wt.% Al,O3
suspensions with averaged particle sizes of 30, 150, and 500 nm. For
comparison, water glycerol solution was used as a benchmark

increase in wear mark size. Apparently, particle concen-
tration had an optimal value in terms of lubrication per-
formance. If too little, nanoparticles were insufficient for
making effective entrainment, but if too much, the sus-
pension became excessively dense, which might cause
agglomeration and unnecessary abrasive wear. In this case,
concentrations of 1 and 2 wt.% Al,O3 nanoparticles with
30-nm particle size appeared appropriate; therefore, these
two suspensions were selected in the further study.

3.4 Effect of Testing Conditions

Figure 8 shows the effect of normal load on the COF and
wear mark radius using 1 and 2 wt.% Al,O5 suspensions
and water glycerol solution. The sliding speed was kept at
50 mm/s. For all the tested conditions being used, COF was
not affected by the change of normal load. Overall, 2 wt.%
Al,O5 suspension showed the lowest averaged COF of
0.23, which was 27% reduction compared to that of water
glycerol solution. The 1 wt.% Al,O3 suspension showed
slightly higher COF (0.27) than the 2 wt.% one. As seen in
Fig. 8b, the wear mark radius increased with the increase in
normal load for all tested conditions. This is as expected
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Fig. 7 Effect of Al,05 concentration and size on a COF and b wear
mark radius in comparison with water glycerol solution

because at a constant speed, a higher load can increase the
contact pressure and result in more material removal.
However, the wear mark sizes from Al,O5; suspensions
were significantly smaller than that obtained using water
glycerol solution at all tested loads. The averaged wear
mark radius reduction was 22 and 17% for 1 and 2 wt.%
Al,O5 suspensions, respectively. This indicates that the
Al,O3 suspensions enhanced the tribological performance
within the tested normal load range.

Figure 9 shows the effect of sliding speed on the COF
and wear mark radius for a constant normal load of 40 N
being used. For all the tested conditions, the COF
decreased with the increase in sliding speed. With the
water glycerol solution, the COF decreased slightly by
9.5% when the speed was increased from 25 to 100 mm/s.
The decrease was more prominent by 20 and 24% for the 1
and 2 wt.% Al,O3 suspensions, respectively. As shown in
Fig. 9b, the wear mark at a low speed of 25 mm/s for water
glycerol solution was large (205 pm in radius). Then, it
was reduced to a smaller area of about 160 um in radius at
50 and 100 mm/s. The effect of sliding speed on wear mark
radius was less obvious for Al,Os; suspensions. For the
tested speed range, the averaged wear mark radii for 1 and
2 wt.% Al,Oj3 suspensions were 133 and 134 pm, respec-
tively. The trend of COF and wear mark radius of water
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Fig. 8 Effect of normal load on a COF and b wear mark radius
obtained from the tribological tests using 1, 2 wt.% Al,O5 suspen-
sions, and water glycerol solution

glycerol solution appears to agree with the famous Stribeck
curve [22], in which the decrease in sliding speed can
change the lubricating regime from mixed to boundary
lubrication. Given that the same lubricant and contact load
were used, the decrease in speed would decrease the
Sommerfeld number [23], thus resulting in a smaller con-
tact separation and hence a larger COF and wear mark.
However, during the tribological test after running-in, the
Al,O5 nanoparticles could enter the contact area, which
thus improved tribological performance even at a small
sliding speed. Therefore, in this case, the wear mark radius
was kept very small for all tested speeds being used.

3.5 Effect of Plate Roughness

Figure 10 shows the effect of the plate roughness on the
COF and wear mark radius. It can be seen that when Al,O3
suspensions were used, the surface roughness of the lower
plate had insignificant effect on both COF and wear mark
size. When water glycerol solution was employed, the
increase in plate roughness from 37 to 206 nm had little
influence on the COF and wear mark radius, but the
roughness increase from 206 to 270.7 nm led to significant
decrease in both COF and wear mark size. This is because
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Fig. 9 Effect of sliding speed on a COF and b wear mark radius
obtained from the tribological tests using 1, 2 wt.% Al,O5 suspen-
sions, and water glycerol solution

when the plate surface is rough, the grooves on the surface
might serve as reservoirs and retain water, which thus
improve the lubrication performance, leading to signifi-
cantly lower COF and wear mark size.

However, when Al,O; suspensions were used, the
nanoparticles played a dominant role in lubrication through
separating the ball and the plate. Even with relatively
smooth plate surfaces, nanoparticles were able to form a
tribo-film over the contact interface, producing the
improved lubrication performance [12, 24, 25].

3.6 Surface Characteristics of Wear Marks

FE-SEM images of the wear mark surfaces obtained from
the tests using water glycerol solution and 1 wt.% Al,O3
suspension after 1.5 m of the running-in period are shown
in Fig. 11. For water glycerol solution, ploughing grooves
were clearly seen, as shown in Fig. 11a, indicating the
occurrence of severe adhesive wear [23]. The correspond-
ing EDS spectrum shown in Fig. 11d indicated that the
wear mark had the same composition as that of stainless
steel. For Al,O5 suspension, it can be seen in Fig. 11b that
some particles were observed on the surface. The back
scattered imaging of the same location (Fig. 11c) and the
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Fig. 10 Effect of surface roughness of the lower plate on a COF, and
b wear mark radius obtained from the tribological tests using 1,
2 wt.% Al,O5 suspensions, and water glycerol solution

subsequent elemental analysis (see Fig. 11f) suggested that
those particles are Al,O3. This indicates that nanoparticles
were embedded onto the steel substrate under high initial
contact pressure during running-in. At the later stage, those
particles could take effect and separate the steel-to-steel
contact to reduce wear.

Figure 12 shows the SEM images and EDS oxygen Kal
peak mappings of the wear marks obtained from the tests
using water glycerol solution and 1 wt.% Al,O5 suspension
at the travel distance of 7.5 m. The oxygen mapping of
Fig. 12a is shown in Fig. 12¢, where straight marks were
found aligned to the sliding direction (indicated by the
white arrow) when water glycerol solution was used. This
strongly suggests that adhesive wear and localised oxida-
tion occurred. Different from the water glycerol solution,
the wear mark surface from the test using the Al,O3 sus-
pension was smooth without adhesive wear grooves, as
shown in Fig. 12b. The aluminium mapping shown in
Fig. 11d indicated that the majority of Al,O3 nanoparticles
was accumulated on the entrance side of the contact, where
the majority of contact pressures were located. Some
nanoparticles were also found being trapped in the existed
trenches, which was not aligned with the sliding direction.
This observation indicated that during stable wear period,

@ Springer
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Fig. 11 FE-SEM secondary electron images of wear mark surface after 1.5 m tests with a water glycerol solution, and b Al,O3 suspensions;

¢ back scattered image of b; d, e and f are the point elemental analysis of Point A, B and C, respectively

100 pm 100, nin

Fig. 12 SEM backscattered electron images of wear mark surface after 7.5-m tests using a water glycerol solution, and b Al,O3 suspension;

¢ oxygen mapping on a, and d aluminium mapping on b. The white arrows indicate the sliding direction
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Fig. 13 FE-SEM images of wear mark surfaces on the lower plates
after 7.5-m tests under a, b dry condition, ¢, d lubrication by water
glycerol solution, and e, f lubrication by Al,O; suspensions. The

the Al,O; particles might re-enter the contact area and
continue to provide lubrication.

Figure 13 shows the detailed morphologies of the wear
mark surfaces obtained at the travel distance of 7.5 m
under dry condition, using water glycerol solution, and
1 wt.% Al,O; suspension. For dry condition, repeated
wave-like patterns were observed, as shown in Fig. 13a.
The wave-like patterns were formed most likely by the
coupling effect of contact vibration and work hardening of
steel. The other distinct feature was through-thickness
cracks. Leaf-like residues were also found in the enlarged
image of Fig. 13a, and Fig. 13c—d shows the wear surfaces
lubricated by the water glycerol solution. Grooves were

white arrows indicate the sliding direction, and the enlarged images
were taken from the corresponding white rectangles

found being aligned to the sliding direction, as indicated by
the white arrow in Fig. 13c. Those grooves are the evi-
dence of asperity contact and severe adhesive wear via
plastic deformation [23]. Micro-cracks were occasionally
found on the wear mark surface, suggesting that brittle
oxide might be formed on the steel substrate. Figure 13e, f
shows the wear surfaces lubricated by the 1 wt.% Al,O;
suspension. The wear surface was quite smooth in com-
parison with the surface shown in Fig. 13c, and adhesive
wear grooves were no longer found. A micro-crack was
found on the surface, as shown in Fig. 13e. Al,O3
nanoparticles appeared being embedded onto the wear
mark surface, as shown in Fig. 13f.
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Fig. 14 Schematic illustrations
of the contacts a with dry
condition; with lubrication
using the water glycerol
solution on the plates of
relatively b high and ¢ low
roughness; and with lubrication
using Al,O3 water suspension

on the plates of relatively d high
and e low roughness

P

Note:
I Rotating ball

4 Discussion on the Lubrication Mechanism
of Al,O5; Suspensions

Based on the analysis above, the lubrication mechanism of
water-based Al,O; suspensions can be summarised. The
schematics of the contact during the tribological tests with
the developed lubricants in comparison with those of the
dry condition and the water glycerol solution are shown in
Fig. 14.

For dry condition, severe asperity contact occurred, and
the debris removed from the steel substrate remained in the
contact area, as shown in Fig. 14a. This resulted in vibra-
tion and caused work hardening on the contacted region of
the steel substrate. Therefore, the debris from these regions
acted like third-body abrasives and caused scratches.

When the water glycerol solution was used, a small
portion of the debris resulted from the asperity contact
during running-in period were carried away by the water
flow, but some might still be stored in the trenches on the
steel surface, as shown in Fig. 14b, c. Water glycerol might
still be retained in the trenches of the surface when the
plate roughness was relatively high, as shown in Fig. 14b,
but no water could be kept on the surface if the plate was
relatively smooth, as shown in Fig. 14c. Under the condi-
tion of Fig. 14b, the water glycerol in the trenches could
effectively separate the contact between the ball and the
plate. However, for the case shown in Fig. 14c, asperity
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contact between ball and plate was predominant. There-
fore, the increase in plate roughness could result in sig-
nificant decreases in COF and wear mark area, as shown in
Fig. 10.

When the Al,O; water suspension was used, Al,O;
nanoparticles played multiple roles in the lubrication.
During the running-in period, some nanoparticles were
embedded on the plate surface, acted as a load bearer.
Those nanoparticles could form tribo-films on both rough
and smooth plate surfaces shown in Fig. 14d, e, preventing
the ball from direct contact with the plate. During the
stable wear period, most nanoparticles re-entered the con-
tact area and the replenishment and loss of nanoparticles
between the contact surfaces could reach a dynamic bal-
ance. The dynamic lubricant flow also took away the steel
debris from the plate caused by asperity contact. The rest of
the nanoparticles entering the contact could fill up the
existed trenches on the surface and “recover” the surface
via the so-called “mending” effect [26]. Tribo-sintering
occurred, and nanoparticles were compressed to form
islands in the trenches. As a result, the COF maintained at a
relatively low level, and the wear after running-in period
was effectively minimised. As long as nanoparticles could
completely separate the ball and the plate, variation of plate
roughness would have insignificant effect on the lubrica-
tion performance characterised by COF and wear mark
area, as shown in Fig. 10.
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5 Conclusions

The lubrication performance of water-based Al,O3
nanoparticle suspensions was investigated systematically.
The effects of the testing conditions and the size and
concentration of nanoparticles in the suspensions were
revealed. With the water glycerol solution being used as
lubricants, the decrease in plate roughness resulted in sig-
nificantly increased COF and wear mark radius due to the
loss of water reservoirs on the plate surface. With the
Al,O; water suspension, noticeably more stable and
improved tribological performance was obtained, regard-
less of plate roughness. In particular, the 1 and 2 wt.%
30 nm Al,O; nanoparticle suspensions gave the lowest
COF and the smallest wear mark, up to 27 and 22%
reduction, respectively, in comparison with that of the
water glycerol solution.

The role of Al,Os; nanoparticles in the water-based
suspension was revealed. During running-in, the nanopar-
ticles were embedded into the steel substrate and acted as
load bearer. After running-in, Al,O5; nanoparticles effec-
tively separated the contact between the ball and the plate
through forming a dynamically balanced tribo-thin film.
The steel debris could also be mixed into the suspension,
consequently, significantly reducing abrasive and adhesion
wear. The Al,O3 nanoparticles also filled up the existed
trenches on the surface and reduced the friction through
mending effect.
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