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In this study, a series of tribological tests were conducted on a pin-on-disc tester to study the lubrication mechanism of SiO,
nanoparticles under different surface roughness considering various loads and velocities. For a comprehensive understanding of
the mechanism of SiO, nanoparticles, base fluid was also employed as a contrast. Results show that the reductions of friction
coeflicients and wear scar widths increase with the decrease of surface roughness, due to the increase in rolling effect and self-
repairing mechanism of SiO, nanoparticles. The lubrication mechanism of SiO, nanoparticles is the rolling effect when the height-
diameter ratio (A) is less than 6, and the self-repairing mechanism at A of 6 and 10, whereas, there is no obvious difference by
adding nanoparticles when A is 20. When the height-diameter ratio is less than 6, surface wears show an increasing trend as the
load increases due to the high hardness of nanoparticles, while it is the opposite at A of 10 and 20 because of the self-

repairing mechanism.

1. Introduction

With the vigorous development of nanotechnology, an in-
creasing number of nanomaterials are widely used in the
field of semiconductors, such as SiO, [1], TiO, [2], carbon
nanotubes [3], quantum dots [4], and lead halide perovskite
nanocrystals [5]. Graphene and MoS, and their derivatives
are involved in active optoelectronics devices [6], catalysts
[7, 8], spin-valleytronic [9], and biomedicine [10]. In recent
years, the outstanding tribological properties of nano-
particles have also received wide attention in tribology due
to their small size and high surface activity. Du et al. in-
vestigated the anti-wear and friction-reducing performance
of graphene oxide-TiO, nanocomposite, which exhibited
superior film-forming stability [11]. Xiong et al. [12] syn-
thesized SiO,-reinforced B-N-co-doped graphene oxide and
found that the optimal tribological behavior was obtained
when the concentration was 0.15 wt.%. Extensive research
has been conducted on the lubricating mechanisms of
nanoparticles, such as the protective film mechanism
[13, 14], the self-repairing mechanism [15, 16], rolling

friction [17, 18], and the deposition effect [19, 20]. While
how nanoparticles perform under different lubricating
conditions is still obscure.

At present, some research on the effect of different lu-
bricating conditions on the lubrication performance of
nanoparticles has been conducted because the previous
research conditions on the mechanisms of nanoparticles are
simple. Kogovsek et al. [21] investigated the influence of
surface roughness and running-in on the lubrication of steel
surfaces with oil containing MoS, nanotubes in all lubri-
cation regimes, and experimental results showed that the
lubrication behavior of MoS, nanotubes is not affected by
surface roughness and running-in. Greenberg et al. [22]
studied the effect of WS, nanoparticles on friction reduction
in various lubrication regimes, and it was found that the
addition of WS, nanoparticles contributes to friction re-
duction only in the mixed lubrication regime. Besides, the
effect of nanoparticle size on the tribological performance of
SiO, nanofluid under different lubrication conditions was
evaluated, and it was indicated that different sizes of
nanoparticles can respectively improve the tribological
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performance of a lubricant at different experimental fre-
quencies [23]. Furthermore, research was conducted to
study the effect of sliding distance and reinforcement type on
the friction and wear properties of composites [24, 25].
These studies show that different conditions have a great
influence on the tribological performance of nanoparticles.

Although oil-based fluids with nanoparticles exhibit
better tribological properties, the problem of environmental
pollution and energy consumption should not be ignored.
While water-based fluids show excellent cooling, cleaning,
economy, and safety performances, which get very fast
development in recent years. Despite there being a lot of
studies focusing on the mechanisms of nanoparticles as
lubricant additives, the research of nanoparticles under
different lubrication conditions is rarely reported, including
SiO, nanoparticles. SiO, nanoparticles have excellent tri-
bological performance due to their high hardness and
spherical shape [26], which has been reported in our pre-
vious work. To make up for the shortcoming of previous
work, we aimed to explore the effect of surface roughness
and particle size on the lubrication mechanism of SiO,
nanoparticles in the water-based fluid.

In this paper, SiO, nanoparticles are evenly dispersed in
water-based fluids modified by polyethylene glycol-200. A
series of tests were conducted to study the influence of
surface roughness on the lubrication mechanisms of SiO,
nanoparticles while also considering the effect of load.

2. Experimental

2.1. Preparation. The reagents used in the experiments were
analytical pure reagents (AR) without further treatment, and
SiO, nanoparticles were commercially provided by a
chemical reagent supplier in Shanghai, China. First, poly-
ethylene glycol-200 (PEG-200) acts as a surfactant and was
dissolved into deionized water with the help of a magnetic
stirrer. Then, SiO, nanoparticles with a mean diameter of
30 nm were gradually dropped into the solution and stirred
at 60°C for 30 min. The solution was then dispersed by an
ultrasonic disperser with a frequency of 20 kHz and scattered
for 5 min to ensure stabilized dispersion. The content of SiO,
nanoparticles was 0.5 wt% and the mass ratio of nano-
particles to PEG-200 was 1:1. Afterward, certain quantities of
propylene glycol, triethanolamine, polypyriloxone, boric
acid, molybdenum, and so on used as lubricant additives
were added into the above solution and stirred at room
temperature for 20 min. Finally, a uniform and stably dis-
persed nanofluid was obtained, and it can be held stable for
30 days. Base fluid (with no nanoparticles) acted as a contrast
sample and was prepared with the same method simulta-
neously. The micrograph and size distributions of SiO,
nanoparticles dispersed in aqueous were observed by TEM
(JEM-2010) and Malvern Zetasizer Nano, respectively. TEM
micrograph and size distributions of SiO, nanoparticles
were shown in Figure 1, which shows that SiO, nanoparticles
represent a spherical shape, and the nanoparticles dispersed
evenly with no apparent agglomeration in the base fluid. The
size distribution illustrates that the particle size of nano-
particles has an average diameter of around 160 nm.
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2.2. Tribological Tests. The tribological studies were per-
formed using an MM-W1A pin-on-disc tester under dif-
ferent lubrication conditions at room temperature as per
ASTM G99. The schematic diagram of the equipment is
displayed in Figure 2. To study the effect of surface
roughness (Ra) on the tribological performance of SiO,
nanoparticles, the surface roughness of discs was polished
with sandpaper to 0.05, 0.1, 0.3, 0.5, and 1.0 ym, respectively,
before experiments. When considering the influence of load,
discs with different surface roughness were performed under
a load of 100, 300, or 500N and an angular velocity of
300 rpm. Experiments lasted for a few minutes in case the
original rough surface was flattened during the test. The
friction coefficient is obtained, and wear scar width is
measured by an electron microscope to reveal the tribo-
logical properties of SiO, nanoparticles. Triplicate measures
were carried out for each sample, and the average date was
adopted as the final experimental data.

2.3. Analysis Method. Three specimens with the sizes of
10 mm * 10 mm were cut from each disc, and all the spec-
imens were cleaned with petroleum ether before the worn
surface analysis. The initial surface roughness of specimens
was observed on CLSM (Olympus LEXT OLS4000) and the
3D topographies, which are shown in Figure 3. Besides, worn
surface topographies and element analysis of all the speci-
mens were analyzed with SEM (ZEISS-EVO18), and
chemical states of typical elements on the worn surface were
performed with XPS (LabRAM) to study the lubrication
mechanisms of SiO, nanoparticles under different surface
roughness.

3. Results and Discussion

3.1. Friction Coefficient and Wear Scar Width. The friction
coefficient and wear scar width represent the lubricating
properties of base fluid and nanofluid. Figure 4(a) displays
the variation of friction coefficients of discs lubricated with
base fluid and nanofluid under different surface roughness.
No matter what the load is, the friction coefficients of both
base fluid and nanofluid increase with increasing surface
roughness.. Also, the friction coefficients significantly de-
crease when the SiO, nanoparticles are added into the base
fluid at three different loads. Variations of wear scar widths
with different surface roughness at various loads are shown
in Figure 4(b). It is clear that a few upward trends of wear
scar widths with surface roughness are observed. As shown
in Figure 4(a) and 4(b), the addition of SiO, nanoparticles
resulted in a significant reduction of the friction coefficient
and wear scar widths at the same load. In addition, the
friction coeflicient and wear scar widths obtained under the
base fluid and the nanofluid increased with the load. It il-
lustrates that the surface roughness has a significant influ-
ence on the tribological performance of fluids.

The distribution characteristic of surface asperities is
approximated to the sine curve, as shown in Figure 5. The
height-diameter ratio () was put forward to study the in-
fluence of surface roughness and particle size on lubrication
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FIGURE 1: TEM micrograph and size distributions of SiO, nanoparticles.

FIGURE 2: Schematic diagram of the pin-on-disc tester.

mechanisms of SiO, nanoparticles, which was calculated
using the following equations:

H 1 2 H /2 H
Ra:—x—J Isinxldx:—J sinxdx = —,
s s

2 2m)o 0

H = nRa, (1)
H R

A==
D D

where H is the difference value between peak and valley
(ym), and D is the diameter of SiO, nanoparticles (ym).
Using the appropriate values of material properties, the
calculated value of the height-diameter ratio is 1, 2, 6, 10, and
20 for Ra of 0.05-1.0 ym.

The reduction of friction coefficient and wear scar width
is characterized by the lubricating performance of SiO,
nanoparticles. To further study the influence of surface
roughness and particle size on the lubricating properties of
SiO, nanoparticles, reductions of friction coefficient of base
fluid by adding SiO, nanoparticles under different height-
diameter ratios are conducted, as shown in Figure 6(a). The
reductions in friction coefficient at various loads increase
first, and then decrease considerably in the range of A from 2
to 20. Reduced friction coefficients decrease with the in-
creasing of load when the A is less than 6, whereas they
increase with the increasing of load when A is from 6 to 20.
Besides, when the height-diameter ratio is more than 2, the
influence of load on the reduction of the friction coefficient
is less than that of 1 and 2. The reductions of friction co-
efficient reach the maximum value at A of 2 and the

minimum value at A of 20. When the height-diameter ratio is
20, the influence of SiO, nanoparticles could be ignored.
Figure 6(b) presents the variation curve of reductions of wear
scar widths by the addition of SiO, nanoparticles with a height-
diameter ratio. As seen in Figure 6(b), the reductions of wear
scar width increase first, and then decrease, reaching the
maximum value and minimum value at A of 2 and 20, re-
spectively. Furthermore, the reductions of wear scar width
decrease with the increasing of load when A is less than 10. On
the contrary, they increase with the increasing of load when A is
10 and 20. It’s worth noting that the influence of load on the
reduction of friction coeflicient at A of 1-6 is greater than that at
A of 10 and 20. When the height-diameter ratio is 20, there is
almost no difference between base fluid and nanofluid. Based on
the above results, it is clear that the lubricating properties of
SiO, nanoparticles have a great relationship with surface
roughness and particle size. The addition of SiO, nanoparticles
contributes to the obvious reduction of friction coefficient and
wear scar width of base fluid when the height-diameter ratio is
smaller than 20, and the bigger the height-diameter ratio is, the
smaller the effect of SiO, nanoparticles will be. Besides, the load
has a great influence on the lubricating properties of SiO,
nanoparticles when the A is less than 10.

3.2. Worn Surface Analysis. The worn morphologies of the
wear scars lubricated with base lubricant and nano-lubricant
under different surface roughness are presented in Figure 7.
As seen from Figures 7(a)-7(e), there are adhesion and deep
scratches on the worn surface under the surface roughness of
0.05um. When the surface roughness increases, the worn
morphologies become smoother with fewer shallow
scratches. Whereas, the wear becomes severe and intensive,
and deep furrows are observed in Figures 7(c)-7(e). As the
surface roughness increases, the worn surface becomes
rougher. Also, the effects of SiO, nanoparticles on worn
morphologies can be clearly seen in Figures 7(f)-7(j). As
seen in Figure 7(f), there are grooves and deep scratches on
the worn surface, which illustrates that the addition of SiO,
nanoparticles makes surface wear increase. While the Ra is
0.1pym, a very smooth worn surface is obtained with
nanoparticles added into the base fluid. When the surface
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FIGURE 3: 3D topographies of the original surfaces.
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FIGURE 4: Variations of (a) friction coefficients and (b) wear scar widths with different surface roughness at various loads (300 rpm).



Advances in Materials Science and Engineering

I

F1GUre 5: Distribution characteristics of surface asperities.

0.016 |-
.é 0.014 H
1}
Hog 0.012 |
1]
§ o010 F
3
$—
= 0.008 |
5]
=
-2 0.006 |-
1o
=1
2 0.004 -
0.002 L L L L L L L L L L
2 4 6 8 10 12 14 16 18 20
Height-diameter ratio
—=— 100N
—e— 300N
—— 500 N

(a)

200

180

160

140

120

Reduction of wear scar width (ym)

100

2 4 6 8 10 12 14 16 18 20

Height-diameter ratio

—=— 100N
—e— 300N
—— 500N

(®)

FIGURE 6: Reductions of (a) friction coeflicients and (b) wear scar widths varied with height-diameter ratio (300 rpm).

roughness further increases to 0.3 ym, the worn surface
becomes smooth after adding SiO, nanoparticles. When the
Ra is 0.5 and 1.0 ym, there are no obvious differences be-
tween the worn morphologies under base fluid and nano-
fluid . These results show that surface roughness and the
addition of SiO, nanoparticles have a remarkable influence
on the worn morphology of the disc. The tribological
properties that vary with the surface roughness in this study
are similar to those of some researchers [27, 28], while they
are different from those works, which indicated that friction
is independent of surface roughness [21, 29].

The worn morphologies of the wear scars lubricated with
base fluid and nanofluid under different loads are shown in
Figure 8. As observed in Figures 8(a)-8(c), obvious differ-
ences between the worn morphologies are observed as the
load increases when lubricated under base fluid. The worn
surface becomes smooth with the increasing load, and the
scratches vary from deep and dense to shallow and wide.
Compared to the base fluid, the worn morphologies become
considerably smoother when adding SiO, nanoparticles.
This phenomenon shows that the increase in load makes the
surface plastic deform, and the addition of nanoparticles can
effectively reduce the worn rate.

3.3. Lubrication Mechanisms of SiO, Nanoparticles.
Regardless of the effect of SiO, nanoparticles, the phe-
nomenon of friction coefficients, wear scar widths, and

worn morphologies under different surface roughness
could be explained for the following reasons. First, it is
known that the smoother the surface is, the thicker the
average oil film between friction pairs will be [30], and the
friction coeflicient is inversely proportional to the thickness
of the oil film. Besides, the slope of the rough peak is the key
factor that determines the coefficient of friction, according
to Ruan et al. [31], which shows an increasing trend with
the increase of surface roughness. In addition, when the
surface roughness is higher, surface asperities are em-
bedded with each other, which will hinder friction pairs
from sliding easily [27]. The friction of surface asperities
makes the oil film break up easily, which results in the
direct contact between friction pairs appearing, and then
forming the abrasive wear. Therefore, it is less possible for
abrasive wear to appear with the decrease of surface
roughness [32]. When the surface roughness decreases to
0.05 and 0.1 ym, film lubrication is the dominant mecha-
nism due to the thick oil film. Also, the mechanism of wear
is based on the combined effect of film lubrication and
abrasive wear when the Ra is 0.3um. When surface
roughness is between 0.5 and 1.0 ym, abrasive wear is the
dominant type of wear due to the thin film thickness. Based
on the above reasons, the friction coefficients and wear rate
increase with increasing surface roughness. When the oil
film is thicker, the nanoparticles flow with the liquid,
making the nanoparticles more efficient, and the nano-
particles have a good lubrication effect. When the oil film is
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thin and discontinuous, the effective nanoparticles are
reduced. The lubrication mechanism of SiO, nanoparticles
in different surface roughness will be discussed later.

The phenomenon of why the effect of surface roughness
on the lubricating properties of fluid varies with load could
be attributed to the following aspects. Firstly, the increase in
load will result in a decrease of oil film thickness [32], and
the reduction of oil film thickness leads to an increase in
friction coefficients and wear rates. Whereas, it’s worth
noting that the increase in load causes plastic deformation

on the surface of the disc, making the surface asperities
decrease, the actual contact area increase, and the surface
become smooth. Learn from Figure 5, that the reduction of
surface roughness contributes to the decrease of friction
coefficients. Therefore, based on the synergetic effect of the
above aspects, the friction coefficients decrease and the wear
rates increase with the increase in load.

To clarify the lubrication mechanism of SiO, nano-
particles, an EDS analysis was conducted. Figure 9 presents
the EDS spectrum of the wear scar on the disc after being



Advances in Materials Science and Engineering

(a) (b)

()

FIGURE 11: The lubrication mechanisms of SiO, nanoparticles under different height-diameter ratios (a) A: 1, (b) A: 6, and (c) A: 20.

lubricated with nanofluid under 300N. As is observed in
Figure 9, there are Si and O elements on the wear scar, which
illustrates that SiO, nanoparticles deposit on wear scars. An
XPS of worn surfaces lubricated with SiO, nanofluid was
conducted to further study the lubricating mechanisms of
SiO, nanoparticles. The typical chemical state of element
analysis results is plotted in Figure 10. Referring to the NIST
Standard Reference Database 20 (version 4.1), a weak Sip
band at about 103.6eV [33] is associated with the Ols at
532.4 eV [34], both attributable to the Si,p and O1s of SiO,.
The peak of Ols that emerges at 530.7 could be easily
assigned to Fe;0,4/Fe,05 [35]. Moreover, two Fe,p bands at
about 709.2 eV and 711.2 eV could be identified as the Fe,p
of Fe;0O, [36] and Fe,O; [34], respectively. It indicates that
SiO, nanoparticles do not react with the worn surface, which
plays a role in reducing friction and wear by physical action.

It is evident from Figure 4 that the addition of SiO,
nanoparticles makes the friction coefficients and wear scar
widths decrease, while not changing their variation rules as
the surface roughness, load, and velocity increase. The
reason could be explained by previous studies, namely that
SiO, nanoparticles have a significant lubrication effect
through rolling effect and self-repairing mechanisms [37].
While the mechanism of SiO, nanoparticles varies as the
lubrication conditions change. The lubrication mechanisms
of SiO, nanoparticles under three typical height-diameter
ratios are given in Figure 11. As seen in Figure 11, when the
height-diameter ratio is 1, the surface is so smooth that SiO,
nanoparticles have great lubrication performance, mainly
through the rolling effect. Meanwhile, SiO, nanoparticles
will be filled into some small pits under the pressure, playing
a self-repairing role due to the large actual contact area.
When the height-diameter ratio increases to 6, surface
roughness is significantly greater than the particle size, so
SiO, nanoparticles have a self-repairing effect on the pits
under the effect of pressure, as well as a small proportion of
the rolling effect. As the roughness further increases, the
effective nanoparticles decrease because of the accumulation
of most of the nanoparticles in the concave peaks, making
the nanoparticles almost have no lubrication effects.
Therefore, the reduction of friction coefficients and wear scar
widths decrease with the increase of surface roughness. In
addition, learning from the grooves on the wear scar in
Figure 7(e), the addition of SiO, nanoparticles would cause
wear on the surface when the A is 1. When the height-di-
ameter ratio is less than 6, the increase of load has little effect
on surface roughness, which merely increases the wear of the
surface due to the high hardness of SiO, nanoparticles.

When the height-diameter ratio increases to 10 and 20, the
increase of load makes surface roughness decrease, which
makes the self-repairing effect of nanoparticles more ob-
vious. Therefore, the reduction of friction and wear de-
creases with the increase of load.

4. Conclusions

The lubrication mechanism of SiO, nanoparticles added to
the base fluid under different surface roughness was in-
vestigated with a consideration of load and velocity. The
experimental results and main findings are summarized as
follows:

(1) It shows a decreasing trend of friction coeflicients
and wear scar widths by adding SiO, nanoparticles
with the increase of surface roughness. When the
height-diameter ratio is less than 2, SiO, nano-
particles obviously improve the tribological perfor-
mance of base fluid, mainly due to the rolling effect
mechanism. When the A increases to 6 and 10, the
self-repairing effect of SiO, nanoparticles is found to
occur, and the rolling effect becomes less important.
While there is no effect of nanoparticles on lubri-
cation when the A is 20, because that nanoparticle
accumulated in the concave peaks, making effective
nanoparticles reduce.

(2) When the height-diameter ratio is less than 6, the
increase of load causes surface wear to increase
because of the high hardness of SiO, nanoparticles.
When the height-diameter ratio increases to 10 and
20, the reduction of friction and wear decreases with
the increase of load because the surface roughness
decreases.
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