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Abstract: In the present work, the relationship curve of the coefficient of friction (COF) with varying
loads of different morphology WS, lubricating additives in the friction process at various sliding
speeds was studied. On this basis, wear marks and elements on the wear surfaces after friction were
analyzed, and then the anti-wear and mechanism effects of WS, of different forms in the lubrication
process were discussed. Meanwhile, the Stribeck curve was used to study the lubrication state of
the lubricating oil in the friction process. It was revealed that the COF of lubricating oil containing
lamellar WS; decreased by 29.35% at optimum condition and the minimum COF was concentrated
at around 100 N. The COF of lubricating oil containing spherical WS, decreased by 30.24% and the
minimum coefficient was concentrated at 120 N. The extreme pressure property of spherical WS, was
better than that of lamellar WS,, and the wear resistance of spherical WS, was more stable when the
load was over 80 N. The different morphology of WS, additives can play anti-wear and anti-friction
roles within a wide range of sliding speeds.

Keywords: WS,; anti-wear; anti-friction; lubricant additives; tribological properties

1. Introduction

Tungsten disulfide crystal has the advantages of a low coefficient of friction (COF), good heat
resistance and oxidation resistance, strong bearing capacity, and compressive strength. It is one of the
most popular new functional materials in China and abroad [1]. WS, nanoparticles have a multilayer
structure and relatively weak adjacent lamellar interactions (via van der Waals forces), which has
attracted widespread attention [2—4].

In recent years, researchers have tested the lubricating properties of WS, as a lubricant additive.
It was found that WS; could maintain excellent lubrication performance in the range of —273-425 °C,
which was significantly better than traditional lubricating oil [5-9]. Nano-WS; as a lubricant additive
can significantly improve the anti-wear and anti-friction properties of base oils [10-13]. Zhang et al.
tested the tribological properties of WS, nanomaterials as additives in paraffin oil by Universal
Micro-Tribotester (UMT). The experimental results show that the addition of WS, nanomaterials can
greatly improve the tribological properties of paraffin oil. When the concentration of WS, nanomaterial
additive is 0.5 wt%, the tribological performance of lubricating oil is the best [14]. Aldana et al.
studied the tribological behavior of WS, nanoparticles by adding WS, nanoparticles into poly alpha
olefin (PAO) base oil containing a zinc dialkyl dithiophosphate (ZDDP) additive, and found that the
presence of WS, nanoparticles can improve friction and wear under boundary lubrication conditions,
and friction film containing WS, is formed on the friction surface [15].
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At the same time, the lubrication performance of WS; is related to the contact force. With the
same nano-WS; content, WS; can show good lubrication performance within a certain force range,
and the higher the force, the better the lubrication performance. However, once the contact force is
exceeded, the effect of WS, as a lubricant addition is greatly weakened [16].

It has been found that the size and crystal structure of WS, particles in the medium have different
effects on anti-wear and anti-friction performance [17-23]. When 90 nm of WS, was added to the
lubricating oil at a mass fraction of 0.01%, it showed excellent anti-wear and anti-friction performance,
and the tribological performance of layered nanometer tungsten disulfide was better than that of
lamellar tungsten disulfide [24].

However, studies on WS, are usually limited to the lubricating effect as a lubricant additive,
and few studies have been conducted on the tribological properties of micro-nano lubricant additives
in different forms under different loads and speeds. According to the literature, the tribological
properties of different forms of micro-nano additives are different under different loads and speeds.
For example, the performance of MoS, in different forms as a lubricant additive is quite different.
Under the conditions of low loads and low speeds, nano-MoS, can improve the anti-friction and
anti-wear performance of base oil, while micro-MoS, can increase the wear. Under high loads and
high speeds, micro-MoS, exhibits certain anti-friction and anti-wear ability, while nano-MoS, easily
leads to lubrication failure [25].

In this paper, the tribological properties of WS, with different morphology under different loads
and speeds were studied, and the surface morphology and element composition of wear scars were
also analyzed. At the same time, the anti-wear and anti-friction properties of two kinds of WS; as
lubricating additives were discussed, and the mechanism was also investigated.

2. Experimental

2.1. Preparation of Sample Oil

Two forms of WS;, lamellar WS, and spherical WS,, were selected as lubricating additives in this
experiment. These WS, powders were characterized through X-ray diffraction (XRD) (Bruker company,
Germany), Scanning Electron Microscopy (SEM) (FEI company in Hillsboro, OR, United States),
and Transmission Electron Microscopy (TEM) (FEI company in Hillsboro, OR, United States) to
obtain their physical and chemical properties, such as surface morphology, particle size, and chemical
composition. The XRD patterns of two kinds WS, are shown in Figure 1. The SEM diagram of lamellar
WS, is shown in Figure 2. The lamellar WS, is a layered structure, its thickness is about 2 pm and
the lateral dimension is between 5-10 pum. The TEM diagram of spherical WS, is shown in Figure 3.
The average particle size of spherical WS, is 90 nm. In this experiment, low-viscosity PAO6 was selected
as the base oil. Lamellar WS, and spherical WS, were added to base oil PAO6 at a concentration
of 1.5 wt% to prepare sample oil #1 and #2. The sample oil was dispersed by mechanical stirring
and strong ultrasonic compounding for 1 h, and finally the sample oil with WS, evenly dispersed
was obtained.
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Figure 1. X-ray diffraction (XRD) image of different forms WS,.

Figure 2. Scanning electron microscopy (SEM) of micro-WS, under different magnifications: (a) 8000 x;
(b) 2400 x.

(@) b)

Figure 3. Transmission Electron Microscopy (TEM) with different magnifications of nano-WS, (a) 50 nm;
(b) 500 nm.

2.2. Test Method

The tribological properties of WS, in different forms as lubricant additives under different sliding
speeds and loads were tested using a UMT-2 tribometer. In the experiment, the kinematic form was
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reciprocating linear motion, and the single-stroke of the scratch was set to 15 mm. The contact form of
friction pair was ball-on-disc. The upper sample was a steel ball processed from high-carbon chromium
bearing steel GCr15 with a diameter of 10 mm, a hardness of HRC58-65, and a surface roughness of Ra
< 0.02 pym. The lower sample was also a steel disc processed by high-carbon chromium bearing steel
GCr15. The diameter of the sample was 25 mm, the thickness was 10 mm, the hardness was HRC60-63,
and the surface roughness was Ra < 0.05 um. Before the experiment, the samples were cleaned with
ultrasonic cleaner for 15 min and dried. Six sliding speeds (10-35 mm/s) and six loads (20-120 N) were
set for the tests. The specific set values are shown in Table 1. Each group of experiments lasted for
30 min at room temperature, and the relative humidity was 40%-50%. In addition, drip lubrication
was applied in the test, and 3-5 droplets of the lubricant were deposited on the flat before starting the
experiment. The friction experiments were repeated three times to ensure reproducibility of the results,
and the average value was calculated [26,27].

Table 1. Specific setting values of sliding velocity and constant load.

Parameter Specific Set Value
Sliding Velocity (mm/s) 10 15 20 25 30 35
Permanent Load (N) 20 40 60 80 100 120

After the friction experiment, the steel disks were cleaned with acetone for 10 min and dried.
The depth and width of the wear scars of the disks were measured using a SV-3000 Ultra-Depth
Three-Dimensional Microscope (Santoyo Kanagawa Company, Japan). The wear scars on the steel
disks were then analyzed with SEM and an electron-probe micro-analyzer (EPMA) to determine
the anti-wear properties of lubricating oil. The anti-wear properties of additives can be determined
according to the size of the wear scar, wear depth, and material loss.

3. Results and Discussion

3.1. Anti-Friction Performance

The average COF curve of the sample oil with different forms of WS, with increased loads at
given sliding speeds is shown in Figure 4. Meanwhile, in order to understand the lubrication status of
the two sample oils under various experimental conditions, the Stribeck curves were drawn, as shown

in Figure 5.
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Figure 4. Average coefficient of friction (COF) curves of sample oil varies with loads: (a) flake micron
WS;; (b) spherical nano-WS;.
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Figure 5. Comparison of Stribeck curves of sample oil at different sliding speeds: (a) sample oil #1; (b)
sample oil #2.

It can be seen from Figure 4 that the COF curve changes in the same trend with the load at each
sliding velocity. The average COF of sample oil #1 decreased first and then increased as the load
increased. The minimum COF was concentrated at about 100 N, and by calculation, the COF was
reduced by a maximum of 29.35%. The average COF of sample oil #2 decreased gradually with the
increase of load. In the range of the experimental load, the minimum coefficient was concentrated at
120 N, and by calculation, the COF was reduced by a maximum of 30.24%.

As can be seen from the Stribeck curve in Figure 5, the COF of sample oil #1 decreases first and
then increases with the increase of load, which indicates that the whole lubrication state transitions
from a fluid lubrication state to a mixed lubrication state. This occurs because when the load is small,
the thickness of the oil film is thick, and the contact surface of the friction pair is completely separated
by the oil film. At this time, the friction force comes from the viscous shear of the lubricating oil.
As the load increases, the oil film thickness decreases and the viscous shear force of the lubricating oil
also decreases, and so the COF decreases. When the oil film cannot completely separate the surface
of the friction pair, the surfaces contact and rub with each other, resulting in an increase in the COF.
At this point, the lubrication state changes to the mixed lubrication state. Under the same experimental
conditions, the Stribeck curve of sample oil #2 shows that the COF decreases with the increase of load,
and the whole lubrication state is basically in a state of fluid lubrication. Because the surface of the
friction pair is effectively separated by the oil film in the range of the experimental load, the COF
becomes smaller with the increase of the load.

In addition to the change in the lubrication state caused by the thinning of the oil film, it may also be
because the frictional heat inside the lubricant causes the bearing capacity of the lubrication film not to
increase infinitely. When it increases to the maximum, the oil film will break. However, the lubrication
state of sample oil #2 did not change significantly within the same load range. This indicates that the
bearing capacity of sample oil containing spherical WS, particles is better than that containing lamellar
WS; in this load range.

In conclusion, within the range of experimental load, the lubrication state of lamellar WS,
transitioned from a fluid lubrication state to a mixed lubrication state, while the lubrication state of
spherical WS, remained basically in a fluid lubrication state and did not changed. According to the
experimental result, it can be found that both forms of WS, as additives can affect the anti-friction
performance and bearing capacity of lubricating oil, and the spherical WS, shows more outstanding
anti-friction performance and bearing capacity.
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3.2. Abrasion Resistance

The three-dimensional morphology and wear trace diagram of wear scars on steel disks under
four different loads (20, 60, 100, and 120 N) are shown in Figures 6 and 7, and the wear rate histogram
under different loads is shown in Figure 8.

From Figures 6 and 7, it can be seen that with the increase of the load, the average depth and
width of the wear track continuously expand, so it can be concluded that the wear volume of the wear
scar also increases continuously with the increase of the load. Combined with Figure 8, the wear rates
of wear scars corresponding to the two sample oils tend to decrease first and then increase with the
increase of the load. The minimum wear rates were concentrated at a load of about 80 N. The minimum
wear rate of sample oil #1 was 10.48 x 10~* mm3N~! m~!, and the minimum wear rate of sample oil
#2 was 10.9 x 107 mm3-N~! m™!, indicating that the abrasion resistance of the two kinds WS, was
similar at this time. However, when it exceeded 80 N, the wear rate of sample oil #2 increased slowly
compared with that of sample oil #1, which indicates that the abrasion resistance of spherical WS, was

more stable under large loads.
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Figure 6. Three-dimensional morphologies and wear tracks of the wear scars corresponding to sample
oil #1 under four different loads at the same sliding velocity: (a) 20; (b) 60; (c) 100; (d) 120 N.
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Figure 8. Wear rate histogram of sample oils under different loads. (a) sample oil #1; (b) sample oil #2.
In order to understand the wear form of the wear scars on the surface of the steel ball, the wear
scars were characterized. Figures 9 and 10 are SEM-micrographs of the two sample oils under different
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loads at the same sliding speed. As can be seen from Figures 9 and 10, the main wear forms of wear
scars are plastic deformation, furrow cutting, and adhesive wear [28-30]. There were obvious furrows
on the worn surface, and some of the surfaces were broken. The furrow on the surface of the wear scar
expanded with the increase of the load, and the wear became more and more serious, which indicates
that the load had a positive correlation with the wear amount. Combined with Figure 8, with the
increase of the load, the wear rate first decreases and then increases, indicating that the addition of
different forms of WS, can improve the anti-wear performance of lubricating oil within a certain range
of the load. When the load exceeded a certain value, the anti-wear performance was limited and the
anti-wear ability was weakened.

60N-15mm/s
N

adhesion wear and spalling

obv%s\fu\rro s\

shallow scratches

Figure 9. SEM of wear scars of sample oil #1 under different loads at the same sliding speed. (a) 20
N-15 mm/s; (b) 60 N-15 mm/s; (c) 100 N-15 mm/s; (d) 120 N-15 mm/s.

60N-20mm/s

120N-20mm/s

Figure 10. SEM of wear scars of sample oil #2 under different loads at the same sliding speed. (a)
20 N-20 mm/s; (b) 60 N-20 mm/s; (c¢) 100 N-20 mm/s; (d) 120 N-20 mm/s.
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3.3. Lubrication Mechanism

The composition and distribution of elements on the surface of wear marks were analyzed using
EPMA to grasp the chemical changes on the worn surface. A wear scar of sample oil #1 with a 100 N
load and 15 mm/s sliding speed, and a wear scar of sample oil #2 with a 120 N load and 20 mm/s
sliding speed were used as examples. The results of their characterization are shown in Figures 11
and 12. (a)—(e) correspond to the SEM diagram of the wear scar (a) and the distribution diagram of Fe
(b), O (c), W (d), and S (e), respectively.

Figure 11. Element distribution diagram of wear scar corresponding to sample oil #1 (load: 100 N,
sliding speed: 15 mm/s). (a) Scanning image; (b) Element Fe; (c) Element O; (d) Element W; (e) Element S.

Lo

Figure 12. Element distribution diagram of wear scar of sample oil #2 (load: 120 N, sliding speed:
20 mm/s). (a) Scanning image; (b) Element Fe; (c) Element O; (d) Element W; (e) Element S.

It can be found from the distribution diagram of each element in Figure 11 that elements Fe and
O are very densely distributed, the element W is evenly distributed, and the element S is the least
distributed. According to literature [31-35], it was found that oxidation products were formed on the
friction surface through the X-ray photoelectron spectroscopy (XPS) analysis of the friction surface
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after the test. After further study on the products formed, it was found that the Fe 2p peak corresponds
to Fe,O3 or FeO, and the worn surface appeared on FeO and Fe,Os3 film. The XPS data indicate
that a frictional chemical reaction occurs on the surface of the wear steel during the friction process,
thus forming the boundary lubrication film composed of WO3, Fe;O3, and FeO. Therefore, it can be
speculated that the friction surface is most likely to form a dense chemical reaction film containing
Fe,O3 and FeO through chemical reactions [31-35]. In addition, the element W is evenly distributed
on the friction surface, while the element S is scarce on the friction surface, indicating that W is most
likely to form tungsten oxide on the surface. The presence of trace element S indicates that there is still
trace lamellar WS, on the friction surface.

From the distribution diagram of each element in Figure 12, it can be found that the distribution
of elements Fe, O, and W is similar to that in Figure 11, and the content of element S is higher than that
in Figure 11, which is mainly scattered on both sides of the wear scar. It can be inferred that a layer of
chemical reaction film containing Fe;O3, FeO, and WOj3 is formed on the friction surface. In addition,
the distribution diagram of elements W and S indicates that some nano-WS, remained in the grooves
on both sides and cracks of the wear scars.

It can be inferred from the elemental analysis of the wear surface that during the lubrication
process, the sample oil is likely to form a dense layer of chemical reaction film containing Fe;O3, FeO,
and WOj3 on the surface. WS, will be deposited on the friction surface to form a physical adsorption
film filled in time if there is damage on the surface. Under the combined action of physical deposition
film and chemical reaction film, the anti-wear and anti-friction properties of the sample oil were
improved. In addition, the residue amount of spherical WS, was larger than that of lamellar WS,,
which may be because the small size of WS, makes it more prone to deposit in furrows and grooves,
and timely fill and repair when surface damage occurs.

The lubrication mechanism of lamellar WS, as an additive is shown in Figure 13. The lamellar
WS, dispersed in the lubricating oil is partially deposited on the surface of the friction pair to form
a physical deposition film under the action of frictional shear and normal load. Due to the crystal
structure of lamellar WS,, the layer to layer is connected by weak van der Waals force, and the surface
is easy to slip, which leads to the reduction of COF. Moreover, the deposition film prevents the direct
contact of the friction surface; therefore, the wear is reduced, and the anti-wear performance of the
lubricating oil is improved.

Lubricating oil Steel Flake WS,
\ Ball/
- T:f; == == —_ ;7 }’;'Q ’7;;~ — ————= 1 Slip
)

partial enlarged drawing

Figure 13. Lubrication mechanism of flaky WS; as lubricating oil additive (steel ball and disk). (Left:
overall schematic) (Right: schematic details).

For spherical WS, particles, the lubricating mechanism is roughly shown in Figure 14 when it
is used as a lubricant additive. Nanoparticles have excellent adsorption and dispersal: therefore,
the spherical nano-WS; dispersed in the lubricating oil will slowly be deposited on the surface of
the friction pair to form a certain thickness of physical deposited film during the process of friction,
preventing direct contact of the friction pair surface. The spherical structure of WS, can be regarded as
a ‘small ball’, which can play a similar role as a ‘micro-bearing’ on the friction surface, changing the
sliding friction between the surfaces into rolling friction, thereby reducing the COF. With the action of
frictional shear force and normal load, the spherical WS, will be deformed by squeezing and even
peeling off. The exfoliated WS; molecular layer will remain on the pits and peak tips of the friction
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surface, covering the contact point, thereby reducing the direct contact of friction pair, and then reducing
friction and wear. In addition, the peaks of some micro-convex bodies on the surface of the friction pair
will penetrate the lubricating oil film and directly contact, collide, and break, accompanied by abrasive
particles and new wear scars. With the generation of new wear scars, spherical WS, with small sizes
will fill in the scratches generated by grinding, playing a role in repairing the friction surface and
making the surface smooth: thus, reducing the COF and reducing wear.

Lubricating oil Steel Spherical WS,

‘\ Ball
BT s senses O Deformation Spalling

roitie SN
partial enlarged drawing

P Y SR

Steel Disc NN

Figure 14. Lubrication mechanism of spherical WS, as lubricating oil additive. (Left: overall schematic)
(Right: schematic details).

4. Conclusions

In this paper, the tribological properties of WS, with different forms as lubricant additives under
different loads were studied, and the anti-friction performance and lubrication states of sample oil
were analyzed through the COF curve and the Stribeck curve. The anti-wear performance of the
sample oil was analyzed by the surface morphology and wear form of the wear scars, and the anti-wear
and anti-friction mechanism of WS, with different forms in the lubrication process was discussed.
The conclusions are as follows:

(1) The average COF of lubricating oil containing lamellar WS, decreased first and then increased
with the increase of load, and the COF was reduced by a maximum of 29.35%, and the minimum
COF was concentrated around 100 N. The average COF of lubricating oil containing spherical
WS, gradually decreased with the increase of load, and the COF was reduced by a maximum
of 30.24%. In the range of the experimental load, the minimum COF was concentrated around
100 N. In addition, the extreme pressure performance of the spherical WS, was superior to that of
the lamellar WS,.

(2)  According to the Stribeck curve, within the range of the experimental load, the lubrication state of
the lamellar WS, transitioned from a fluid lubrication state to a mixed lubrication state, while the
lubrication state of the spherical WS, basically remained in a fluid lubrication state without
any change.

(3)  With the increase of the load, the average depth and width of the wear track were continuously
expanding, and the wear rate of the two sample oils tended to decrease first and then increase
with the increase of the load. The minimum wear rate occurred when the load was around 80 N,
and the two values were close, indicating that the anti-wear performance of the sample oil was
similar at this time. However, when it exceeded 80 N, the wear resistance of spherical nano-WS,
was more stable.

(4) The main difference in the anti-wear and anti-friction mechanism of WS, with different forms
was that, for lamellar WS,, its lamellar structure made it easy to slip between layers and the
surfaces of layers, leading to the reduction of COF. For spherical WS,, its spherical structure can be
regarded as a ‘small ball’, which can play a role similar to “micro-bearing’ on the friction surface,
changing the sliding friction between surfaces into rolling friction: thus, reducing the COFE.



Materials 2020, 13, 1522 12 of 13

Author Contributions: Conceptualization, N.H. and S.W.; methodology, N.-W. and X.W.; software, X.Z.; validation,
N.H., and S.W.; formal analysis, N.W.; investigation, X.Z. and X.W.; resources, N.H.; data curation, X.W,;
writing—original draft preparation, N.H. and X.Z.; writing—review and editing, N.W. and S.W.; supervision,
S.W.; project administration, N.H.; funding acquisition, N.H. and S.W. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (No. 51875271) and the
National Natural Science Foundation of China (No. 51705223).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Olivas, A,; Villalpando, I.; Sepulveda, S.; Perez, O.; Fuentes, S. Synthesis and magnetic characterization of
nanostructures N/WS,, where N=Ni, Co and Fe. Mater. Lett. 2007, 61, 4336—4339. [CrossRef]

2. Gupta, A.; Mohan, S.; Anand, A.; Haq, M.LU,; Raina, A.; Kumar, R;; Singh, R.A.; Jayalakshmi, S.; Kamal, M.;
Subramanian, J. Tribological behaviour of Fe-C—Ni self-lubricating composites with WS, solid lubricant.
Mater. Res. Express 2019, 6, 126507. [CrossRef]

3.  Barrera, D.; Wang, Q.; Lee, YJ.; Cheng, L.; Kim, M.].; Kim, ].Y.; Hsu, ].W.P. Solution synthesis of few-layer 2H
MX,; M =Mo, W.; X =S5, Se). |. Mater. Chem. C Mater. Opt. Electron. Devices 2017, 5, 2859-2864. [CrossRef]

4. Drummond, C.; Alcantar, N.; Israelachvili, J.; Tenne, R.; Golan, Y. Microtribology and Friction-Induced
Material Transfer in WS, Nanoparticle Additives. Adv. Funct. Mater. 2001, 11, 348-354. [CrossRef]

5. Wu,N,; Hu, N.; Zhou, G.; Wu, J. Tribological properties of lubricating oil with micro/nano-scale WS, particles.
J. Exp. Nanosci. 2017, 13, 27-38. [CrossRef]

6. Ratoi, M.; Niste, V.B.; Walker, J.; Zekonyte, J. Mechanism of Action of WS, Lubricant Nanoadditives in
High-Pressure Contacts. Tribol. Lett. 2013, 52, 81-91. [CrossRef]

7. Srinivas, V.; Thakur, RN,; Jain, A.K. Antiwear, Antifriction, and Extreme Pressure Properties of Motor Bike
Engine Oil Dispersed with Molybdenum Disulfide Nanoparticles. Tribol. Trans. 2016, 60, 1-8. [CrossRef]

8.  Kumara, C,; Luo, H.; Leonard, D.N.; Meyer, H.; Qu, J. Organic-Modified Silver Nanoparticles as Lubricant
Additives. ACS Appl. Mater. Interfaces 2017, 9, 37227-37237. [CrossRef]

9. Dai, W.; Kheireddin, B.; Gao, H.; Liang, H. Roles of nanoparticles in oil lubrication. Tribol. Int. 2016, 102,
88-98. [CrossRef]

10. Zhang, X.; Xu, H.; Wang, J.; Ye, X.; Lei, W.; Xue, M.; Tang, H.; Li, C. Synthesis of Ultrathin WS, Nanosheets
and Their Tribological Properties as Lubricant Additives. Nanoscale Res. Lett. 2016, 11, 442. [CrossRef]

11.  Zhao, L.; Yao, P.; Gong, T.; Zhou, H.; Deng, M.; Wang, Z.; Zhang, Z.; Xiao, Y.; Luo, F. Effect of Adding
Tungsten Disulfide to a Copper Matrix on the Formation of Tribo-Film and on the Tribological Behavior of
Copper/Tungsten Disulfide Composites. Tribol. Lett. 2019, 67, 1-13. [CrossRef]

12.  Zheng, D.; Wu, Y.P; Li, Z.Y; Cai, Z.B. Tribological properties of WS,/graphene nanocomposites as lubricating
oil additives. Res. Adv. 2017, 7, 14060-14068. [CrossRef]

13. Raina, A.; Anand, A. Effect of nanodiamond on friction and wear behavior of metal dichalcogenides in
synthetic oil. Appl. Nanosci. 2018, 8, 581-591. [CrossRef]

14. Zhang, X.; Wang, J.; Xu, H.; Tan, H.; Ye, X. Preparation and Tribological Properties of WS, Hexagonal
Nanoplates and Nanoflowers. Nanomaterials 2019, 9, 840. [CrossRef]

15. Aldana, P.U.; Dassenoy, F.; Vacher, B.; Le Mogne, T.; Thiebaut, B. WS; nanoparticles anti-wear and friction
reducing properties on rough surfaces in the presence of ZDDP additive. Tribol. Int. 2016, 102, 213-221.
[CrossRef]

16. Jiang, Z.; Fang, J.; Wang, X.; Feng, Y.; Liu, J. Tribological behavior and mechanism of nano-tungsten disulfide
in rapeseed oil. Lubr. Eng. 2019, 44, 16-20.

17. Zhou, J.; Ma, C.; Kang, X.; Zhang, L.; Liu, X. Effect of WS, particle size on mechanical properties and
tribological behaviors of Cu-WS 2 composites sintered by SPS. Trans. Nonferrous Met. Soc. China 2018, 28,
1176-1185. [CrossRef]

18. Zalaznik, M.; Kalin, M.; Novak, S.; Jaksa, G. Effect of the type, size and concentration of solid lubricants on
the tribological properties of the polymer PEEK. Wear 2016, 364, 31-39. [CrossRef]

19. Kogovsek, J.; Kalin, M. Various MoS,-, WS;- and C-Based Micro- and Nanoparticles in Boundary Lubrication.
Tribol. Lett. 2014, 53, 585-597. [CrossRef]


http://dx.doi.org/10.1016/j.matlet.2007.01.100
http://dx.doi.org/10.1088/2053-1591/ab52d2
http://dx.doi.org/10.1039/C6TC05097B
http://dx.doi.org/10.1002/1616-3028(200110)11:5&lt;348::AID-ADFM348&gt;3.0.CO;2-S
http://dx.doi.org/10.1080/17458080.2017.1405164
http://dx.doi.org/10.1007/s11249-013-0195-x
http://dx.doi.org/10.1080/10402004.2016.1142034
http://dx.doi.org/10.1021/acsami.7b13683
http://dx.doi.org/10.1016/j.triboint.2016.05.020
http://dx.doi.org/10.1186/s11671-016-1659-3
http://dx.doi.org/10.1007/s11249-019-1200-9
http://dx.doi.org/10.1039/C6RA28028E
http://dx.doi.org/10.1007/s13204-018-0695-y
http://dx.doi.org/10.3390/nano9060840
http://dx.doi.org/10.1016/j.triboint.2016.05.042
http://dx.doi.org/10.1016/S1003-6326(18)64755-7
http://dx.doi.org/10.1016/j.wear.2016.06.013
http://dx.doi.org/10.1007/s11249-014-0296-1

Materials 2020, 13, 1522 13 of 13

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Li, B,; Fang, L.; Sun, K. Variance of Particle Size: Another Monitor to Evaluate Abrasive Wear. Tribol. Lett.
2014, 55, 465-472. [CrossRef]

Gulzar, M.; Mahmood, K.; Zahid, R.; Alabdulkarem, A.; Masjuki, HH.; Kalam, M.A.; Varman, M.;
Zulkifli, NN\W.M.; Ahmad, P.; Malik, M.S.S. The effect of particle size on the dispersion and wear protection
304 ability of MoS, particles in polyalphaolefin and trimethylolpropane ester. Proc. Inst. 305 Mech. Eng. Part
JJ. Eng. Tribol. 2018, 232, 987-998. [CrossRef]

Gupta, M.K,; Bijwe, J. Exploration of potential of graphite particles with varying sizes as EPA and AWA in
oils. Tribol. Int. 2018, 127, 264-275. [CrossRef]

Akchurin, A.; Bosman, R.; Lugt, PM.; Van Drogen, M. Analysis of Wear Particles Formed in
Boundary-Lubricated Sliding Contacts. Tribol. Lett. 2016, 63, 16. [CrossRef]

Shizhao, Y.; Jianqgiang, H.; Feng, X.; Guo, L. Anti-Wear Properties of Low Nano-WS, Content Lubricant.
Acta Pet. Sin. Pet. Process. Sect. 2017, 3, 163-168.

Kunhong, H.U.; Yong, X.U.; Yufu, X.U.; Xianguo, H.U. Tribological Properties of MoS, Lubricants with
Different Morphologies in an Ionic Liquid. Tribology 2015, 35, 167-175.

Chaiyapat, T.; David, G.; Steve, S.; Joseph, E.J.; Izabela, S. Size Dependence of Nanoscale Wear of Silicon
Carbide. ACS Appl. Mater. Interfaces 2017, 9, 1929-1940.

Archard, J.F. Contact and Rubbing of Flat Surfaces. |. Appl. Phys. 1953, 24, 981. [CrossRef]

Bhushan, B. Introduction to Tribology, 2nd ed.; Wiley: Hoboken, NJ, USA, 2013.

Nurul, F; Zaidi, M.R. A technique to measure surface asperities plastic deformation and wear in rolling
contact. Wear 2016, 368, 496-504.

Hong, W.; Cai, W.; Wang, S.; Tomovic, M.M. Mechanical wear debris feature, detection, and diagnosis:
A review. Chin. |. Aeronaut. 2018, 31, 867-882. [CrossRef]

Jiang, Z.; Zhang, Y., Yang, G.; Yang, K, Zhang, S.; Yu, L, Zhang, P. Tribological Properties of
Oleylamine-Modified Ultrathin WS, Nanosheets as the Additive in Polyalpha Olefin Over a Wide Temperature
Range. Tribol. Lett. 2016, 61, 24. [CrossRef]

Jiang, Z.; Yang, G.; Zhang, Y.; Gao, C.; Ma, J.; Zhang, S.; Zhang, P. Facile method preparation of oil-soluble
tungsten disulfide nanosheets and their tribological properties over a wide temperature range. Tribol. Int.
2019, 135, 287-295. [CrossRef]

Wu, X,; Gong, K; Zhao, G; Lou, W; Wang, X,; Liu, W. MoS, /WS, Quantum Dots as
High-Performance Lubricant Additive in Polyalkylene Glycol for Steel/Steel Contact at Elevated Temperature.
Adv. Mater. Interfaces 2017, 5, 1700859. [CrossRef]

Gong, K.; Wu, X.; Zhao, G.; Wang, X. Nanosized MoS, deposited on graphene as lubricant additive in
polyalkylene glycol for steel/steel contact at elevated temperature. Tribol. Int. 2017, 110, 1-7. [CrossRef]
Fan, X.; Wang, L.; Li, W.; Wan, S. Improving Tribological Properties of Multialkylated Cyclopentanes under
Simulated Space Environment: Two Feasible Approaches. ACS Appl. Mater. Interfaces 2015, 7, 14359-14368.
[CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1007/s11249-014-0375-3
http://dx.doi.org/10.1177/1350650117749404
http://dx.doi.org/10.1016/j.triboint.2018.06.009
http://dx.doi.org/10.1007/s11249-016-0701-z
http://dx.doi.org/10.1063/1.1721448
http://dx.doi.org/10.1016/j.cja.2017.11.016
http://dx.doi.org/10.1007/s11249-016-0643-5
http://dx.doi.org/10.1016/j.triboint.2019.03.011
http://dx.doi.org/10.1002/admi.201700859
http://dx.doi.org/10.1016/j.triboint.2017.01.024
http://dx.doi.org/10.1021/acsami.5b03088
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental 
	Preparation of Sample Oil 
	Test Method 

	Results and Discussion 
	Anti-Friction Performance 
	Abrasion Resistance 
	Lubrication Mechanism 

	Conclusions 
	References

