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Abstract Lubrication is one of the most important meth-
ods for maintaining and improving the reliability of electric
contact components. In view of the conductivity, the
lubrication performances of ionic liquids under electric
contact have been investigated by using a reciprocating
sliding tribometer. Compared with dry friction condition,
ionic liquids present an excellent lubrication property.
Meanwhile, under the low-load condition, the contact
resistance as well as electrical power consumption
decreased obviously when lubricated with ionic liquids.
And the stronger current strength it is, the higher coeffi-
cient and lower contact resistance it shows. The reason
could be ascribed to the current-induced fracture of the ion-
adsorbed film, especially those in the asperities. And the
transformation of the direct contacts, in turn, affects the
friction coefficient and contact resistance.

Keywords Ionic liquids - Electric contact - Friction -
Contact resistance - Electrical power consumption

1 Introduction

Nowadays, with the development of electrification engi-
neering, the phenomenon of current-carrying friction has
widely appeared in electromechanical devices, such as
electrical switches, integrated circuits, high-speed railway
system and power transmission system of public tram. It is
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of practical concern to extend the lifetime of these elec-
trical facilities. Though the metal-based self-lubricating
materials are widely used in the case of electrical contact
friction, the problems of the high friction coefficient and
severe wear still exist [1-3]. Meanwhile, the arc erosions,
which always tie with the electrical friction process, will
further accelerate the failure of the friction pairs.

Lubrication reduces both friction and wear. Different
from traditional working condition, there are specific
requirements for the lubricants under the condition of
electric contact. Besides the lubricity, the conductivity of
the lubricant is one of the important. Although the con-
ventional oil and grease can act to prevent direct contact
between surfaces in relative mutual motion and thus reduce
both the friction force and surface wear, the insulation
characteristic may, no doubt, increase the contact resis-
tance and the power consumption as well. Therefore, it is
of a great challenge to seek a proper lubrication media with
both excellent lubricity and conductivity for current-car-
rying circumstances.

Ionic liquids (ILs) are molten salts at relatively low
temperature (below 100 °C) [4]. They possess a combina-
tion of unique characteristics, including negligible volatil-
ity, non-flammability, high thermal stability, low melting
point, and these properties are highly desirable in lubrica-
tion [5, 6]. The application of ILs as lubricants in a diverse
range of systems has found that these materials can show
remarkable protection against wear and significantly
reduce friction in the neat state [7]. In addition to the
aforementioned properties, the ionic conductivity is also
another important feature for ILs since they are salts
formed by a weakly coordination anion and an organic
cation. Several studies have shown that lubricity of the
confined ILs was markedly affected by the application of
external electric field (EEF) [8-10] and the reason is
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attributed to the EEF-dependent composition of confined
ion layers between the two surfaces.

A series of questions then arise: Can excellent lubri-
cating behavior of ILs be achieved in the case of electrical
contact friction? How about the relationship between the
lubricity and the current intensity, and what is the differ-
ence of the electrical power consumption during the fric-
tion process with the lubrication of ILs and dry friction?
Till now, there is little knowledge about this. In this paper,
compared with dry friction condition, special attention was
paid on the lubrication properties of ILs under electric
contact. The efficiency of electrical power transmission
was also taken into account.

2 Experimental Details

To evaluate the lubrication performances of ILs crossed by
an electrical current, a reciprocating sliding tribometer
(Sinto Scientific, Japan) was used. The tribopairs contain a
commercial bearing ball of 10 mm in diameter and a
reciprocating disk, which are both made of 304 stainless
steel in consideration of its good corrosion resistance. The
tests were conducted at a reciprocating frequency of
0.83 Hz and a stroke of 5 mm (average speed of
8.325 mm/s). Two normal loads of 1 and 5 N were used,
corresponding to the initial Hertzian contact pressure of
454 and 776 MPa. In order to form a current circuit in the
test system, a DC power supply was used and its one pole
was kept in contact with the bearing ball and the other was
fixed at the disk. The constant current ranging from O to 4
A was applied crossing the ILs lubrication film. A digital
voltmeter was imposed between the ball and disk (see
Fig. 1 inset), and the voltage data were recorded auto-
matically during the whole test process. Thus, the variation
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Fig. 1 Variations of friction coefficients and contact resistances with/

without ILs lubrication at load of 1 N and current of 2 A (inset is the
sketch of the reciprocating sliding tester)
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of the “dynamic contact resistance” of the whole circuit
(ball, ILs film and disk) can be predicted according
to Ohm’s law. And all the resistances measured in this
paper contain the total value of the entire circuit.

Here, the ILs of 1-ethyl-3-methylimidazolium tetraflu-
oroborate (purity: 99.9%, viscosity: 41 MPa s, conductiv-
ity: 1.4 S/m and electrochemical window: 4.3 V) was
chosen due to its high thermal stability and hydrophilic
properties [11]. To avoid the decomposition, even at the
highest current of 4 A, the voltage imposed across the ILs
is about 0.5 V, which is much less than its electrochemical
window. Before running the experiments, the specimens
were cleaned with ethanol and acetone. The ILs were dried
under vacuum (<10~" Pa) at 60 °C for 1 day. Each time,
lubricant (8 pL) was placed between the ball and the disk,
and the whole experiments were conducted at a tempera-
ture of 25 + 2 °C.

3 Results

Figure 1 illustrates the typical evolution of friction coeffi-
cients lubricated with/without ILs at low load of 1 N and a
current of 2 A. The corresponding variations of the contact
resistance during the friction process are also shown in
Fig. 1. It can be seen that a high friction coefficient of
about 0.4 appeared at the beginning of the dry friction
condition and it decreased gradually and remained relative
stable at the value of 0.25 after a 300 s running-in process.
On the contrary, the resistance increased continually in the
primary stage and it maintained smoothly at the value of
1.8 Q. However, the coefficient curve looks much smooth
during the whole test process when lubricated with ILs.
What is important is that no resistance increment is found
and the finial resistance decreases 62% compared with dry
friction condition.
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Fig. 2 Variations of friction coefficients and contact resistances with/
without ILs lubrication at load of 5 N and current of 2 A
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Figure 2 shows the evolution of friction coefficients and
corresponding contact resistances lubricated with/without
ILs at high load of 5 N. Compared with the 1 N condition,
both of the friction coefficients present no obvious changes.
However, the contact resistance at dry friction is going
smoothly in general. In addition, the resistance under ILs
lubrication is a little higher than that of the dry friction,
which is different from the low-load condition (see Fig. 1).

Figure 3 presents the images of different interfacial
phenomena at the load of 1 N during the friction process.
As can be seen, the harsh light of the electric arc emerged
under the dry friction condition and the electric arc dis-
appeared when lubricated with ILs. At the higher load of
5 N, no arc was observed whether lubricated with ILs or
not.

Figure 4 shows the SEM of the corresponding worn
surfaces under dry and ILs lubrication conditions. As
shown in Fig. 4a and b, the worn surfaces under dry fric-
tion are characterized by severe adhesion and plastic
deformation. And the wear is even more serious at the low
load of 1 N condition. Adhesion wears at dry frictions can
be further verified by the images of the 3D morphologies
(Fig. 4e, f). In addition, the wear scar becomes wider at the
high load of 5 N. When Ilubricated with ILs, the
wear scar narrows down obviously and no adhesive wear
is found. The worn surfaces are quite smooth with narrow
scratch lines parallel to the sliding direction (Fig. 4c, d).
Meanwhile, according to the 3D images, the wear depth
also increased with the increasing normal load.
Based on the above comparison, it can be deduced that the
tribopairs lubricated with ILs experienced a mild wear.

To have a clear picture on the influence of current,
experiments at different current intensities were carried out
at the load of 1 N since the electrical sliding friction
lubricated with ILs under the low load presented significant
superiorities, including the friction and contact resistance
reduction. As shown in Fig. 5, the current-dependent
behaviors confirm that the current intensity systematically
affects the friction coefficient and resistance at both the dry
and ILs-lubricated states. In the dry friction, the average
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coefficient is about 0.3 in the early stages. It decreased
gradually and trended to be stable after applying a current
of 2 A. With the increment in currents, the coefficient rose
continuously as time went by and then reached a stea-
dy state again when revoking the current. For ILs lubri-
cation, the initial coefficient is about 0.1, which is much
less than the dry friction condition. And it increased ladder
like with the corresponding increment in current intensities.
As the current changed from 2 to 4 A, a significantly in-
crease in coefficient appeared. While the finial coefficient
reduced rapidly to the initial value at the moment the
current returned to 0 A. Compared with friction coefficient,
the resistances show an opposite trend with the enhance-
ment of currents. At dry friction condition, the resistance
dropped considerably from 3 Q at the current of 1 A to 1Q
for the current of 4 A. With the increase in current, only
a small variation of 0.3 Q emerged for ILs lubrication.
Figure 6 presents the electrical power consumption of
the entire circuit with/without ILs lubrication under three
applied currents. It can be found that the electrical power
consumptions at the two conditions both increase with the
increment in currents. But the important thing is that the
loss of electrical power under ILs lubrication is much
smaller than that of the dry friction at the same value of
current. Comparison with dry friction, the relative reduc-
tions in electrical power consumption under ILs lubrication
reach to 40% at 1 A and to 80% at 4 A, which means that
the reduction in electrical power consumption by ILs works
much better at low-current situation. The result shows that
at the low-load conditions, compared with dry friction,
using ILs in the relatively moving parts of the electric
contact system can effectively reduce electrical power
consumption and then improve transfer efficiency.

4 Discussion
Electrical sliding friction is a common phenomenon in the

conductive parts of electrical equipments, and the wear of
the sliding pairs is the inter-superposition of mechanical

A& A LS R A

Fig. 3 Friction phenomena under dry and ILs lubrication conditions at the load of 1 N and current of 2 A
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Fig. 4 SEM and 3D
morphologies of wear tracks on
disk: a and e dry friction at 1 N;
b and f dry friction at 5 N; ¢ and
g lubricated with ILs at 1 N;

d and h lubricated with ILs at
5N

and electrical wear. How to extend the service life of the
electrical ~ facilities  during the friction  pro-
cess is the crux of the matter. As shown in Fig. 1, the
friction coefficient at the load of 1 N is much higher
associated with electric arc discharge (see Fig. 3a), which
is attributed to the poor contact and electrical breakdown
[12]. Severe wear can be found on the disk surface (see
Fig. 4a, e), and the wear mechanisms are mainly adhesive
wear with arc erosion. According to Fig. 1, the mechanical
energy consumed by friction (about 1-2 mW) is three
orders of magnitude lower than that of the electrical
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power consumption. It means that the mechanical energy
consumption plays no role in this experiment for heating in
comparison with electrical energy consumption. Therefore,
on the one hand, the Joule and arc in the contact area
generated by electrical power consumption may lead to the
material soften, which could be the dominated reason. On
the other side, the accumulated thermal energy results in
the fusion and gasification, which cause erosion pits and
massive spalling on the worn surface [13]. The corre-
sponding resistance increased gradually as shown in Fig. 1.
It is known that the applied current went through the
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Fig. 5 Effect of current on the friction behavior and resistance with/
without ILs lubrication (the current was changed every 300 s)
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Fig. 6 Variations of electrical power consumption with/without ILs
lubrication at different current conditions

friction pairs merely by the asperity microcontacts and the
electrical contact area is only a very small portion of the
nominal contact area. Therefore, the resistance rose
greatly. In addition, due to the heat of arc discharge, the
formation of metallic oxide film on the rubbing surfaces
could lead to the higher resistance. After the running-in
process, the friction tends to be stable, and the resistance
becomes flatten. When the load increased to 5 N, the tri-
bopairs maintain good contact, resulting in the stable con-
tact resistance (see Fig. 2). Although the adhesion wear
also appeared (see Fig. 4b, ), the wear degree has receded
since no arc erosive happened.

Better lubricating behaviors were found under electric
contact when lubricated with ILs (see Figs. 1, 2). For their
unique dipolar structure, ILs can be easily adsorbed on the
sliding surface, forming an effective boundary film to
reduce friction and wear [14]. Meanwhile, no arc discharge
occurred, which further confirmed the good contact state.

As shown in Fig. 4c, d, g and h, the contact surfaces
experience a mild wear and the existence of ILs effec-
tively suppresses surface oxidation, which could be the
main reason for the stable resistance. Besides, different
from conventional oils that are electrically insulating, ILs
can minimize and smooth the contact resistance between
sliding surfaces because they are electrically conducting
[12]. Due to the poor contact between the tribopairs at the
low load of 1 N, the existence of ILs helps to improve
the conductivity to achieve stable resistance, while for the
high-load condition (see Fig. 2), the contact resistance in
dry friction decreased compared with ILs lubrication. Since
the electrical conductivity of ILs is much lower than that of
the metal, the boundary film of ILs may increase the
contact resistance under the good contact state between
tribopairs.

The current intensity strongly affects the tribological
performances at dry friction (see Fig. 5). Under the lower
current of 1 A, for the corresponding current density in the
contact center is much low and the effect of heat is weak.
Therefore, the coefficients of dry friction presented no
obvious change (see Fig. 5). However, the coefficient
decreased obviously when the current of 2 A was applied.
The reason could be attributed to an oxidation layer caused
by arc discharge heat on the sliding surfaces [15, 16].
When the current intensity reached to 4 A, the high tem-
perature in the contact areas could not be ignored, resulting
in serious arc erosion and adhesive wear. On one side, the
high temperature accelerates surface oxidation, which is
possible to cause high contact resistance. However, either
higher contact resistance or current may lead to the higher
temperatures, so that the insulating layer decomposes or
moves away during the sliding process. On the other side,
high temperature can lead to metal soften and expansion,
which may enlarge the real contact area of the couples [17].
As a consequence, the contact resistance decreases.

The current intensity may also have an impact on the
structure of the boundary ILs film, which changes the
contact mechanism of the tribopairs (see Fig. 7). It is
known that the current has a tendency to breakdown the
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Fig. 7 Schematic of the ILs lubrication with/without an electric
contact
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lubrication film, which may lead to the asperity micro-
contacts [17]. As the current improves, the adsorp-
tion layer of ions will first be driven away from the higher
current areas (see Fig. 7, I = 4 A). Thus, the direct con-
tacts between tribopairs increase, which results in the lower
contact resistance. Besides the resistance, the growing
contacts are also reflected in friction process. As shown in
Fig. 5, the friction coefficients presented a step-like jump
with the varied currents, which may be attributed to the
soaring elastic—plastic deformations of the contact area.
When switching off the current, the boundary film of the
ions absorbing between tribopairs is reconstructed and the
coefficients return to the initial one again, which further
confirms the current effect.

Compared with dry friction, ILs lubrication yields a
significant effect on electrical power consumption (see
Fig. 6). The reasons can be divided into two aspects. First,
in the absence of ILs, the heat sources caused by resistance
as well as electric arc are the main factors of the high
power loss. And the electrical power loss will rise with the
increasing applied currents. Excellent lubrication perfor-
mance of ILs deeply decreased electrical power con-
sumption during the friction process, and the disappeared
electric arc and mild wear are both the most favor-
able evidences (see Fig. 3, Fig. 4). For another, due to its
electrical conductivity, ILs may effectively enlarge the area
of contact regimes, which means that a smaller contact
resistance will be produced. Thus, the total electrical power
consumed by the resistance of the whole circuit declined.

5 Conclusion

The lubrication performances of ILs under electric contact
have been investigated by using a reciprocating sliding
tribometer. Experimental results indicate that, compared
with dry friction, ILs have an excellent lubricating per-
formance under both low- and high-load conditions. It is
also found that, with a small load of 1 N, the contact
resistance as well as electrical power consumption in the
circuit drops to different extents. Besides, the lubricity of
ILs is closely related to the current intensity and the
stronger current intensity results in the higher friction
coefficient and the lower contact resistance. It is supposed
that the breakdown of the absorbed ion layers near the
electrified contact interface could be the main reason.

Acknowledgements The authors are grateful for the support pro-
vided by the National Natural Science Foundation of China (No.
51475241).

@ Springer

References

1. Huang, S., Feng, Y., Liu, H., Ding, K., Qian, G.: Electrical sliding
friction and wear properties of Cu—MoS,—graphite—-WS, nan-
otubes composites in air and vacuum conditions. Mater. Sci. Eng.
A 560, 685-692 (2013). doi:10.1016/j.msea.2012.10.014

2. Wang, Y.A,, Li, J.X., Yan, Y., Qiao, L.J.: Effect of electrical
current on tribological behavior of copper-impregnated metal-
lized carbon against a Cu—Cr—Zr alloy. Tribol. Int. 50, 26-34
(2012). doi:10.1016/j.triboint.2011.12.022

3. Xie, G., Guo, D., Luo, J.: Lubrication under charged conditions.
Tribol. Int. 84, 22-35 (2015). doi:10.1016/j.triboint.2014.11.018

4. Earle, M.J., Seddon, K.R.: Ionic liquids. Green solvents for the
future. Pure Appl. Chem. 72, 1391-1398 (2000)

5. Zhou, F., Liang, Y., Liu, W.: Ionic liquid lubricants: designed
chemistry for engineering applications. Chem. Soc. Rev. 38(9),
2590-2599 (2009). doi:10.1039/b817899m

6. Arcifa, A., Rossi, A., Espinosa-Marzal, R.M., Spencer, N.D.:
Environmental influence on the surface chemistry of ionic-liquid-
mediated lubrication in a silica/silicon tribopair. J. Phys. Chem. C
118(50), 29389-29400 (2014). doi:10.1021/jp505998k

7. Somers, A., Howlett, P., MacFarlane, D., Forsyth, M.: A review
of ionic liquid lubricants. Lubricants 1(1), 3-21 (2013). doi:10.
3390/lubricants 1010003

8. Xie, G., Luo, J., Guo, D., Liu, S.: Nanoconfined ionic liquids
under electric fields. Appl. Phys. Lett. 96(4), 043112 (2010).
doi:10.1063/1.3292213

9. Kong, L., Huang, W., Wang, X.: Ionic liquid lubrication at
electrified interfaces. J. Phys. D Appl. Phys. 49, 225301 (2016).
doi: 10.1088/0022-3727/49/22/225301

10. Sweeney, J., Hausen, F., Hayes, R., Webber, G.B., Endres, F.,
Rutland, M.W., Bennewitz, R., Atkin, R.: Control of nanoscale
friction on gold in an ionic liquid by a potential-dependent ionic
lubricant layer. Phys. Rev. Lett. 109(15), 155502 (2012). doi:10.
1103/PhysRevLett.109.155502

11. Dold, C., Amann, T., Kailer, A.: Influence of structural variations
on imidazolium-based ionic liquids. Lubr. Sci. 25(4), 251-268
(2013). doi:10.1002/1s.1219

12. Palacio, M., Bhushan, B.: A review of ionic liquids for green
molecular lubrication in nanotechnology. Tribol. Lett. 40(2),
247-268 (2010). doi:10.1007/s11249-010-9671-8

13. Yang, H.J., Chen, G.X., Gao, G.Q., Wu, G.N., Zhang, W.H.:
Experimental research on the friction and wear properties of a
contact strip of a pantograph—catenary system at the sliding speed
of 350 km/h with electric current. Wear 332-333, 949-955
(2015). doi:10.1016/j.wear.2014.11.004

14. Ye, C, Liu, W., Chen, Y., Yu, L.: Room-temperature ionic lig-
uids: a novel versatile lubricant. Chem Commun 21(21),
2244-2245 (2001). doi:10.1039/b106935¢g

15. Bouchoucha, A., Kadir, E.K., Robert, F., Zaidi, H., Paulmier, D.:
Metals transfer and oxidation of copper—steel surfaces in elec-
trical sliding contact. Surf. Coat. Technol. 76-77, 521-527
(1995)

16. Bouchoucha, A., Chekroud, S., Paulmier, D.: Influence of the
electrical sliding speed on friction and wear processes in an
electrical contact copper—stainless steel. Appl. Surf. Sci. 223(4),
330-342 (2004). doi:10.1016/j.apsusc.2003.09.018

17. Chen, Z.-K., Karasawa, K., Sawa, K.: Effects on contact resis-
tance of passing electrical current through wiping palladium
contacts. [EEE Trans. Compon. Packag. Manuf. Technol. Part A
18(3), 693-700 (1995)


http://dx.doi.org/10.1016/j.msea.2012.10.014
http://dx.doi.org/10.1016/j.triboint.2011.12.022
http://dx.doi.org/10.1016/j.triboint.2014.11.018
http://dx.doi.org/10.1039/b817899m
http://dx.doi.org/10.1021/jp505998k
http://dx.doi.org/10.3390/lubricants1010003
http://dx.doi.org/10.3390/lubricants1010003
http://dx.doi.org/10.1063/1.3292213
http://dx.doi.org/10.1088/0022-3727/49/22/225301
http://dx.doi.org/10.1103/PhysRevLett.109.155502
http://dx.doi.org/10.1103/PhysRevLett.109.155502
http://dx.doi.org/10.1002/ls.1219
http://dx.doi.org/10.1007/s11249-010-9671-8
http://dx.doi.org/10.1016/j.wear.2014.11.004
http://dx.doi.org/10.1039/b106935g
http://dx.doi.org/10.1016/j.apsusc.2003.09.018

	Electrical Sliding Friction Lubricated with Ionic Liquids
	Abstract
	Introduction
	Experimental Details
	Results
	Discussion
	Conclusion
	Acknowledgements
	References




