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Abstract
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The lubrication performances of ionic liquids at electrified interfaces have been investigated
by using a reciprocating sliding tribometer. Experimental results indicated that the lubricity of
the confined ionic liquids was markedly affected by the application of external electric field
and strong interface electric field strength could result in high friction. The influence was more
pronounced for the ionic liquid with a shorter alkyl side chain in particular. The main reason
of the friction increment might be ascribed to the electrically influenced surface adsorption
where the charged ions were structured to form robust and ordered layers.
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1. Introduction

Ionic liquids (ILs) are organic salts with melting points below
100 °C [1]. They generally exhibit nonflammability, neg-
ligible volatility, high thermal and chemical stabilities [2].
These properties are highly desirable in lubrication, especially
for application involving extreme conditions, such as high
temperature [3, 4], high load [5] and high vacuum [6]. Since
ILs’ potential as lubricants was recognized in 2001 [7], a great
number of papers on the topic have increased steadily [8, 9].
Besides the properties mentioned above, the electrical
conductivity is another important feature for ILs. And this
property of ILs is also favorable for lubrication and their
response to the electrified interfaces offers the possibility to
control the tribological behaviors. By the application of elec-
tric field (EF), the film thickness of nano-confined ILs can be
increased obviously [10]. The nano-scale friction test shows
that the lubricity of ILs is affected by the EF and the reason
is attributed to the EF dependent composition of confined ion
layers between the two surfaces [11]. Similar result is also
reported by Li e al [12]. All these findings are focused on the
microscopic scale, how about the lubricating characteristics of
ILs at electrified interfaces on the macroscopic scale? Can the
lubricity of ILs also be controlled by the EF and what is the
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impact of ion structures? There is little knowledge about this,
though the macroscopic lubrication characteristic of ILs is
particularly critical for scientific and engineering applications.

2. Experimental details

So in the work, the lubrication performances of ILs at electri-
fied interfaces were detected by using a reciprocating sliding
tribometer (Sinto Scientific, Japan). It consisted of a ball (a
precision bearing ball of 10mm in diameter) and a recipro-
cating disc made of 316 stainless steel. An insulated film of
polytetrafluoroethylene (PTFE) with the thickness of 10 um
was coated on the disc surface by using a spinning technique.
In order to apply EF to the lubricant, one pole of a direct
current (dc) power source was kept in contact with the steel
ball and the other was fixed at the disc. The external electric
voltage ranging from O to 10V was used to achieve various
interfacial electric field strengths (Ep) across the ILs lubrica-
tion film. A high accuracy ampere meter was arranged in the
circuit to ensure that there was no current passing through
the tribopairs during the whole test process. The friction
tests were conducted at a reciprocating frequency of 4.1 Hz
and a stroke of 1 mm (average speed of 500mm min~!). The

© 2016 IOP Publishing Ltd  Printed in the UK
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Table 1. Some physical parameters of the ILs (25 °C).
Density Viscosity Conductivity
IL name (g ml™h) (mPas) (Sm™hH
1-Ethyl-3-methylimidazolium tetrafluoroborate (|[C;MIM][BF4]) 1.24 41 14
1-Butyl-3-methylimidazolium tetrafluoroborate ([C4MIM][BF,]) 1.18 98 0.35
1-Hexyl-3-methylimidazolium tetrafluoroborate (|[CcMIM][BF4]) 1.15 300 0.16

Ball

IL

Substrate

L

Figure 1. The border image of the IL ([C;MIM][BF,]) between the ball and substrate under different EFs.

normal load applied to the contact point was from 0.1 to 1.ON,
corresponding to the Hertzian contact pressure inside the cen-
tral region from 210 to 454 MPa.

Three representative ILs of 1-Ethyl-3-methylimidazolium
tetrafluoroborate ([C;MIM][BFE,]), 1-Butyl-3-methylimidazolium
tetrafluoroborate ([C4;MIM][BF,]) andl-Hexyl-3-methylim-
idazolium tetrafluoroborate ([CcMIM][BF,4]) (Purity: 99%)
with a fixed anionic structure and cationic backbone with dif-
ferent alkyl side chain lengths were chosen for their potential
application prospects. Some physical properties of these ILs
were summarized in table 1. The volume of ILs used each
time was fixed at 4 pl and the experiments were performed at
about 20 °C. Before testing, the ILs were dried under vacuum
(<107! Pa) at 60 °C for 1 d.

3. Results

Prior to the friction tests, the static appearances of the con-
fined IL ([C,MIM][BF,]) at the electrified interfaces were
observed. Figure 1 shows the cross-section images of the IL
in the contact area between the ball and the insulating sub-
strate at different electric voltages. The normal load was fixed
at 0.5N and the volume of IL was 4 pl.

It can be found that the interfacial EF shows remarkable
effect on the appearance of IL. At a voltage of zero, the border
of the IL in the contact area presents approximately in the
shape of a straight line. And it curved inward slightly as a
voltage of 2V was applied. With the increase of the voltage,
the curvature of the border increased continuously. And the
shape of the IL border was close to a semicircle at a voltage
of 10V. These results demonstrate that the IL does response to
the electrified interfaces, which offers the possibility to con-
trol its lubrication behaviors.

Figure 2 presents the typical evolution of friction coef-
ficients lubricated with IL ([C,MIM][BF,]) at different
electrified interfaces. It shows that the coefficient remained
constant around 0.08 when the voltage increased from 0 to 2V.
However, as the voltage reached 5V, the friction coefficient
rose linearly at first and then flattened gradually. A more sig-
nificant growth was observed for the higher voltage of 10V.

Compared with the lower voltage (0 or 2V), the average fric-
tion coefficients increased by 37.5% for the voltage of 5V and
87.5% for the higher of 10V.

To further confirm the effect of EF on the friction properties,
experiments with and without EF were carried out at different
load conditions. As shown in figure 3, the load-dependent fric-
tion behaviors indicate that the electrified interfaces system-
atically increased the coefficient comparing with the no EF
mode. Meanwhile, the coefficients decreased from initially
higher values at low loads to considerable lower values at high
load conditions. However, the coefficient growth rate affected
by electrified interfaces was more obvious at higher load and
reached to 104.3% at the load of 1 N.

Figure 4 shows the relationship between the lubrication
properties and the alkyl side chain length of ILs at electri-
fied interfaces. Besides the [C,MIM][BF;], the enhancement
in the friction coefficients by the EF can also be found in
the other two ILs ([C4MIM][BF,] and [CsMIM][BF,4]) with
longer alkyl side chains. In the case of [C4MIM][BF,], the
coefficient doubled when the voltage varied from O to 10V.
However, only a slight increase was observed for [CsMIM]
[BF,4]. The results showed that the coefficient appears to be
significantly affected by the length of the alkyl chain attached
to the imidazolium unit. The longer the alkyl chain length is,
the less the coefficients increase at electrified interfaces.

4. Discussion

Figure 5 shows a simplified case of the IL at electrified inter-
faces. The upper right in figure 5 gives the no EF condition,
where ] and ), are the equilibrium contact angles between
the surface of the liquid and the outline of the contact sur-
face. The border of the IL presents a straight line (see figure 1,
0V), which may result from the high surface tension of the
liquid (45.56 mN mK~'). When a small external voltage is
applied, the electric field will drive oppositely charged ions in
IL to the solid/liquid interface. The charge density at the inter-
face increases, which effectively diminishes the surface free
energy in accordance with Lippmann’s equation [13]. Thus,
the contact angle decreases from @] (65) to 0 (65) (see figure 5).
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Figure 2. Effect of EF on friction performances (the inset is the
sketch of the reciprocating sliding tester).
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Figure 3. Variations of friction coefficients with and without EF at
different load conditions.

Consequently, the border shape of the IL curved inward and
the curvature of the border shape increased gradually due to
the rising voltage, just as the results shown in figure 1.

Now, let’s get back to friction. From the experimental
results, it can be seen that the electrified interfaces have a great
effect on the lubricating properties. And the reason may be due
to the formation of ordered ion layers under an external EF. In
the absence of an EF, the IL/solid interfaces are consisted of
a single layer of ions in direct contact with the solid surface
[14, 15]. The electrostatic interactions between the IL and sur-
faces become important to determine the lubricating property.
When an EF was applied, the ions were polarized, the structure
and the composition of the interfacial layer changed, as shown
in figure 5. The electrically enhanced adsorption of ions at the
interface led to the formation of ordered and thicker solva-
tion layers [12]. From physical and tribological viewpoint, the
ordered layer therefore would change the lubrication proper-
ties both in the boundary and hydrodynamic states. In the area
of boundary lubrication, the ions could freely move originally.
While under the EF, the formation of the ordered boundary film
adsorbed on the rubbing surfaces will lead to the entanglement

0.20
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Load: 0.5N — [C,MIM][BF,]
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Figure 4. Effect of the alkyl side chain length on the lubricity.

of the alkyl side chains, that could increase the effective vis-
cosity [16]. Thus, the friction coefficient increased. This
ordered structure of ions will also affect the performance in
the regime of the hydrodynamic lubrication. As confirmed by
Malham et al [17], the viscosity of IL at electrified interfaces
could increase over several orders of magnitude. Therefore, a
larger friction force would appear when the EF was applied.

At the same time, the variation of surface free energy may
also play a role. For IL at electrified interfaces, the physico-
chemical properties of the solid surfaces should be taken into
account. As mentioned above, the contact angle of the IL
decreased at electrified interfaces (see figure 1), that indicates
the reduction of the surface free energy of the IL. In other
words, the adsorption barrier of the solid/liquid will be lower at
the electrified interfaces and the ions are easier to be adsorbed
from the bulk fluid to the solid surface, forming ‘settled’ and
ordered layers. Its consequences will also help enhance friction.

To make clear the EF influence on the ordered ion layers,
the EF strength near the contact area was roughly calculated
by using the Ansoft Maxwell 14.0 software. When the voltage
increased from zero to 2V and no electron screening [18] in the
IL was considered, for the corresponding EF strength in the con-
tact center is lower (Ey = 0.43 MV m™ "), the ion arrangements
at the interface might alter slightly. Therefore the coefficients
showed no obvious change (see figure 2). This result can also be
reflected in figure 1, where the border displayed a tiny change at
the lower voltage of 2V. The friction coefficients increased with
the EF strength and tended stable when the voltage increased
to 10V, corresponding to a higher EF strength (Ey = 1.02 MV
m~!). It is pointed that the electro viscous effect usually occurs
in organic liquids under an EF strength of 1.0 MV m~! and the
electric double layer in solutions close to electrified interfaces
would be formed [19]. As the surface becomes more polarized,
the more near-wall ions were aligned along the EF direction,
which results in stronger near surface structures [20].

As found in figure 3, IL shows better lubricating behavior at
higher load conditions. Compared to molecular lubricants, the
ions interact strongly with charged surfaces and resist ‘squeezing
out’ as the contact is compressed, meaning that a lubricating film
will remain in place up to higher applied normal forces [21]. For
one thing, with the increase of the normal load, the film thickness
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Figure 5. Scheme of the IL affected by the electric field.

diminishes gradually, and the viscous resistance in the liquid
film decreases, especially in the hydrodynamic regime. Thus the
coefficients decline. For the other, since the thinner film would
be more polarized and it may lead to the higher friction incre-
ment when the EF was applied. As expected, the highest coeffi-
cient growth rate (104.3%) is achieved at the normal load of 1 N.

The length of the alkyl side chain also strongly affects the
lubricity at electrified interfaces. In IL, the ions are in contact
so that their sizes and shapes are of primary importance. It
can be found in figure 4 that the coefficients decrease with
the increase of alkyl side chain length of ILs at the voltage
of OV. According to the Stribeck curves [22], the high vis-
cosity of lubricant is conducive to the formation of lubrication
film and avoiding the direct contact between friction surfaces.
Since [CsMIM][BF,] possesses the highest viscosity, the
corresponding lubricating state could be in the hydrodynamic
regime, which shows the lowest coefficient. When the EF is
applied, the coefficient enhancement is the most obvious for
the [CoMIM][BF,], because C, chain is inflexible and packs
effectively in the structured layers [20]. However, the longer
alkyl side chains possess better flexible and the molecular
flexibility is well known to lead to reduced interfacial struc-
ture [20], which may be one of the reason why the EF shows
less effect on the IL with longer alkyl side chains. The other
reason could be connected with the conductivity (see table 1).
The ILs with lower conductivity would result in the reduction
of the ions’ response characteristic and order degree.

5. Conclusion

The lubrication performances of ILs at electrified interfaces
have been investigated by using a reciprocating sliding tri-
bometer. Frictional results indicate that the lubricity of IL is
closely related to the EF and a strong EF strength results in
a high friction coefficient. Meanwhile, the influence of EF

on friction property is more pronounced for the IL with a
shorter alkyl side chain. It is supposed that the formation of
the ordered anions and cations layers near the electrified inter-
faces are the main reason, by which the friction enhanced.
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