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ABSTRACT

In this experiment, silver nanoball@ graphene nanosheets (SG) composite additive using under a
current-carrying was prepared via in-situ reduction method, which has both good electrical
conductivity and tribological properties. The conductivity test results showed a 12-fold increase in
the conductivity of the novel composite compared to the pure ionic liquid LP108. Without the current
carrying, the values of COF were decreased to 0.070 and the wear volume of the disk was reduced
by 88.4% at an additive concentration of 0.10 wt%. when a 1A current was applied to both ends of
the friction pair,the average COF of the lubricant material was as low as 0.06892 with a 78.6%
reduction in wear. This is because the movement of anions and cations in the ionic liquid can be
accelerated by the electric current, and Ag and C elements in the additive can be adsorbed on the
surface of the friction pair to form a protective film. This research result opens up a new way to
improve the tribological properties of sliding electrical contacts from micro and nano scale technology
and to develop a new generation of highly conductive lubricant materials.
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1. INTRODUCTION

Accompanied by the rapid development in the fields of power electronics, aerospace, and automatic
control, the current-carrying friction phenomenon has been widely appeared in various
electromechanical devices [1-4]. Because of the force-electric-thermal coupling effect of current, the
frictional interface could be influence by a complex condition[5-8], which make the friction damage
of current-carrying friction substituents more serious. Its friction and wear behavior not only affects
the service life and reliability of electrical equipment [9], but also causes energy waste, material
destruction and other problems [10]. Therefore, it is particularly necessary to urgently seek a simple
and efficient friction reduction method. The use of current-carrying lubricants is the most rapid,
intuitively effective and universally adaptable means of friction reduction, favored by the modern
industrial market. Therefore, it is urgent to seek a current-carrying lubricant lubricating medium with
excellent lubricating properties and good electrical conductivity.

Ionic liquids (ILs), as a kind of molten salts consisting of weakly coordinating anions and organic
cations with desirable characteristics such as high thermal stability, negligible vapor pressure, and
superior electrochemical properties [11,12], have been introduced into the field of current-carrying
friction as high-performance fluid lubricants [13-15]. Although a number of scholars have carried out
extensive and fruitful research work [16], most of them have focused on low loading and low
electrical charge conditions, which is because the lubricating film of ionic liquid has a lower load
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carrying capacity[17,18], especially for the tribological process under the condition with current-
carrying, and nano-particles may enhance the frictional properties of ionic liquids[19,20]. Graphene-
silver composites combine the advantages of excellent mechanical properties, lubrication, high
electrical and thermal conductivity of the self-lubricating phase graphene [21-23] with the high
electrical and thermal conductivity and good ductility of silver nanoparticles [24,25]. While retaining
the graphene layered structure, silver nanoparticles can well solve the agglomeration phenomenon
between the graphene nanolayers due to van der Waals forces, and realize the simultaneous
enhancement of friction performance and electrical conductivity of current-carrying lubricants. Thus,
it becomes an ideal service material for current-carrying lubricant additives.

Based on the above analysis and combined with the previous research of our group, graphene-silver
nanoballs (SG) nanocomposites additive were successfully prepared by in-situ reduction method and
modified and dispersed in LP108 ionic liquid in this paper. The lubricant material was investigated
in terms of ratio, concentration, morphology and tribological performance and wear mechanism under
non-current-carrying/current-carrying working conditions, and the synergistic lubrication mechanism
between the two nanoparticles was analyzed and discussed. The results show that the GNSs-SNB
nanocomposite GNSs-SNB has excellent lubrication and self-healing properties under non-current-
carrying/current-carrying conditions.

2. EXPERIMENTAL METHODS
2.1. Experimental Material

Silver nitrate  (99.0 wt%), polyvinylpyrrolidone (K30), 1-octyl-3-methylimidazolium
hexafluorophosphate (Ci2H2HoFsN2P, 95 wt%), dopamine hydrochloride (99.8 wt%), sodium
hydroxide (NaOH, 96 wt%), and dimethylformamide (DMF,99.5 wt%) were supplied by Aladdin
Bio-Tech Co. Graphene were supplied by beike 2D materials Co., Ltd.

2.2. Preparation of Lubricant Materials

The lubricant additive were synthetized via the method of in-situ reduction. This process yielded
graphene coated with silver nanoball (SG) particles composite additives. The additives were then
modified and dispersed in ionic liquid LP108 at different mass ratios to create LP108/SG
nanolubricant materials. Graphene nanosheets were dispersed in DMF via ultrasonic dispersion. A
specific amount of AgNO3 was weighed and dissolved in 10 mL of DMF until completely dissolved.
This solution was added to the reaction mixture at a rate of 0.368 mL/min using a dispensing funnel
over one hour, followed by transfer to a reactor for reaction. Finally, the products were separated,
washed, and dried repeatedly with anhydrous ethanol to obtain the SG lubricant additive.

2.3. Characterization and Testing

The morphology and microstructure of the composite additives were analyzed using scanning
electron microscopy (SEM) at 15 kV. The shear stress, strain and viscosity of the lubricant materials
were tested using an Anton Paar MCR302 rotational rheometer (Austria) and a RheoPlus rheometer.
The conductivity of the lubricant material and the pure ionic liquid were examined using a
conductivity meter (LEI-CI, China). The frictional performance of the lubricant material was tested
using a friction tester, respectively. The friction sub-material was made of GCr15 bearing steel, and
the experimental load was 50 N. Reciprocating motions were carried out, and the friction pair were
connected to a DC power supply for regulation. Scanning electron microscope and three-dimensional
surface profiler were used to characterize the surface abrasion morphology of the specimen.
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3. RESULTS AND DISCUSSION

3.1. Microscopic Morphology of Lubricant Additives

Figure. 1(a-d) shows the SEM test results of SG lubricant additives fabricated with GNSs and AgNO3
at different mass ratios (1:60, 1:40, 1:20). It can be observed from Fig. 1(a-d) that the coverage of the
SG lubricant additives fabricated with different mass ratios is significantly different, and the spherical
silver nanoparticles are generally distributed on the surface of the lamellac. SEM imagines were
shown that there were many nanoparticles loaded on the layers of GNSs. The number of silver
nanoparticle spheres decreases with the decrease of silver nitrate content. The aggregation degree of
silver nanospheres is further reduced due to the addition of graphene layers. Graphene layers and
nano silver spheres were successfully combined for forming the nanolubricant material additives.

@ |

Figure 1. (a-d) SEM imagines of SG lubricant additives: (a) 1:60; (b) 1:40; (c) 1:20; (d) 1:5.

3.2. Rheological Properties and Electrical Conductivity of Lubricant materials

Figure 2(a) and (b) were shown that the of viscosity curve according to the shear stress of LP108/SG
lubricant materials. The influence of SG additives on the viscosity of LP108 is not obvious as the
shear rate increased, the highest value of viscosity is not more than 0.1 Pa-s. Figure 2(c) is indicated
that the electrical conductivity of LP108/SG lubricant material. The electrical conductivity of LP108
was significantly improved by the addition of SG additives. The values of electrical conductivity of
LP108/SG-40 lubricant material was increased to 603 ps/cm, which is more than that of pure LP108
(49.7 ps/cm), and it is about 12 times higher than that of pure LP108. As highly conductive
nanoparticles will form a conductive network structure in the lubricant, additive concentration once
too high will be aggregated or agglomerated will reduce the number of the conductive path, and the
high contact resistance between the frictional pair will hinder the flow of interface current, which will
lead to a reduction in the overall conductivity.
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Figure 2. Viscosity curve according to shear stress of LP108/SG lubricant materials: (a) LP108/SG-
5 and LP108/SG-20, (b) LP108/SG-40 and LP108/SG-60, (¢) Conductivity of LP108/SG lubricant
materials

3.3. Tribological Properties

3.3.1. Tribological Performance of LP108 Lubricant Materials without Current-carrying

The COF curves of different LP108 lubricant materials without current-carrying were tested using a
frictional tester as shown in Figure 3. It was indicated that the frictional properties of pure LP108 was
obviously enhanced by the different content of composite additives. Firstly, the lubricating film of
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LP108 absorbed on the interface was broken by the external load in the run-in period of frictional
process, leading to a increased values of COF. Secondly, the COF curve is beginning to stabilize
when the composite additives was come into the contact interface. The lubricant materials with
0.05wt% nanocomposite additive with the mass ratios of AgNO; to GNSs 0of 40:1(0.05 wt% SG-40),
the average COF was reduced to 0.0724 (0.0753 of pure LP108) (Figure 3(a)), and the wear volume
was decreased to 26218.5 um? (Figure 3(c)).The wear volume was not reduced as compared to that
of the pure LP108 (25365.1 um? of pure LP108). For the three-dimensional topography of wear
surface in Figure 4, it was shown that the width of the furrow on the wear surface of the steel disc
was shallow, and no obvious corrosion was observed ( Figure 4(a)). This content is not the optimum
content for this SG-40 lubricant materials. With the increase of additive concentration, the average
COF and wear volume was gradually increased, resulting in some degree of failure. This is due to the
fact that the agglomerates of excessive additives could be formed on the surface of the friction
interface, leading to a entanglement of abrasive debris and more severe abrasive wear and a large

number of plough grooves. In the end, COF and wear volume of frictional disk were increased by the
abrasive wear.
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Figure 3. COF curves and average COF: (a) LP108/SG-40; (b) LP108/SG-20 and Wear volume
changes: (c) LP108/SG-40 and (d) LP108/SG-20

The COF of the LP108 lubricant materials with different content of SG-40 composite additives, which
was shown that the trend of increase first and reduction later in the COF curves. This is because that
the low content of the composite additives is not enough to bear the external load and repair the worn
area. Therefore, a small amount of composite additives cannot have good friction and wear
performance in friction process. As the content of SG-40 composite additives was increased to the
value of 0.15 wt%, the average COF of this lubricant material was decreased to 0.0707 (0.0753 of
pure LP108) (Figure 3(a)), and the wear volume was reduced to 23139.5 um? (Figure 3(c)). The three-
dimensional surface topography of the wear surface of friction disk was revealed that the wear scar
are more obvious and there was no obvious corrosion as shown in Figure 4(c1). So, 0.15wt.% SG-40
composite additives was the optimal content for SG-40. As the content of SG-40 increased to 0.2
wt%, the average COF and wear volume were slightly increased, which was shown that there was a
little lubricating failure produced in the friction process. For LP108 with 0.10wt%SG-20 sample, the
COF was decreased to 0.07041( Figure 3(b)), and the wear volume decreased to 29,370.8 um? (Figure
3(d)), which was 88.4% lower as compared to that of the pure LP108. As the SG-20 composite
additives increased to 0.2 wt%, the COF of this lubricant was rised to 0.0711( Figure 3(b)), but the
wear volume was obviously raised to 29,370.8 um? (Figure 3(b)). Adhesive wear phenomenon can
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be observed on the friction surface in Figure 4(d2). In the end, LP108 with SG-40 and LP108 with
SG-20 lubricant materials were used for the next current-carrying test.

S :
e - ol b v i P L

Figure 4. The three-dimensional topography of wear surface of (al-d1) LP108 with different
content of SG-40 and (a2-d2) LP108 with different content of SG-20.

3.3.2. Tribological Performance of LP108 Lubricant Materials under Current-carrying

The influence of the current on composite lubricant materials has been studied in this section. The
current of 1A was applied in this frictional process. As shown in Figure 5(al), the composite additive
SG-40 own a better lubricating performance at the content of 0.05 wt%, and its average values of
COF was only 0.0696, which was lower than that of pure LP108 (0.0722). Further more, the wear
volume of LP108 with 0.05wt% SG-40 composites lubricant was largely dropped to 11163.5 um? ,
and the wear volume is decreased by 79.7% as compared to that of LP108 (55122 pum?). As for LP108
with 0.1wt% SG-20 composites lubricant in Figure 5(b1), it has a lowest average values of COF,
which was 0.0689. And its wear volume of LP108 with 0.1wt% SG-20 composites was little
decreased to 11777.7 um?3. That is because nanoparticles in the SG-20composite additive entered into
the interface were rolling friction had the function of rolling friction, resulting in a lower COF and
wear volume.
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Figure 5. COF curves and average COF: (al) LP108/SG-40; (b1) LP108/SG-20 and Wear volume
changes: (a2) LP108/SG-40 and (b2) LP108/SG-20
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The worn face of frictional disk should be investigated in order to research on lubrication mechanism.
The three-dimensional topography of wear surface were shown in Figure 6. Adhesive wear
phenomenon was discovered on the wear surface of the disk, but there was no obvious corrosion
phenomenon on the interface. The 0.15wt% SG-40 is the optimal content for reducing the friction
under the current-carrying content. There has been an increase in COF in subsequent frictional
process with the increase of content, which was declared that the fluidity and stability of the
lubrication film may be broken by the SG composite additives under current-carrying conditions. The
agglomeration of SG composite additives could accelerate the wear and significantly increase the
interface resistance and frictional resistance. As shown in Figure 6(b2), tribological performance of
LP108 with less than 0.10wt.% of SG-20 were not obviously improved. The reason was that the
content of the composites additive is too low to bear the load and repair the worn area, leading to
some obvious furrow phenomenon. The best lubrication effect was achieved at the content of 0.10
wt% SG-20, where its average COF was as low as 0.06892 (0.07225 of pure LP108), and the wear
volume was reduced to 11777.7 um? (55122 pm? of pure LP108), whose wear volume was reduced
by 78.6% as compared to that of the pure LP108. The three-dimensional topography of its friction
sub-surface can be seen ( Figure 6(c2) ), the surface of steel disk was presented adhesive wear
phenomenon, and the obvious corrosion was not produced. This content of additive was the optimal
content used under the current-carrying condition. For the current-carrying friction condition, the
addition of composite additives could enhance the lubrication and self-repair of lubricant, and
improve the anti-wear and anti-corrosion properties of the lubricant.

Figure 6. The three-dimensional topography of wear surface of (al-d1) LP108 with different
content of SG-40 under current-carrying and (a2-d2) LP108 with different content of SG-20 under
current-carrying.

4. CONCLUSION

In this paper, SG composite lubricant additive was successfully prepared via the in-situ reduction
method, and the tribological performance of this composite additive were investigated under non-
current-carrying or current-carrying conditions. The results were shown that the electrical
conductivity of LP108/0.15 wt% SG-40 lubricant material was significantly increased by 12 times as
compared to that of the pure LP108. For the friction conditions without current-carrying, the average
COF of LP108/0.10wt% SG-20 lubricant material was reduced to 0.07041 (0.07534 of the pure
LP108), and the wear volume was also reduced by 88.4%. Under the friction conditions with current-
carrying, the average COF of LP108/0.10wt%-SG-20 was decreased as low as the values of 0.0689,
and the wear volume was reduced by 78.6% as compared to that of pure LP108. The addition of
electric current may cause the anions and cations and the Ag and C elements in the additives to adsorb
on the surface of the friction interface to form a protective film. The results were shown that the new
SG composite lubricant additive could provide a new idea for the application in the field of current-
carrying friction.
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