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Abstract There is a growing interest in the use of ionic
liquids to provide lubrication for challenging contacts. This
study is an initial assessment of the application of two ionic
liquids based on choline chloride cations to be used as ionic
liquid lubricants for engineering contacts, in this case steel
on steel. These ionic liquids, termed ethaline and reline,
have anions of ethylene glycol and urea, respectively, and
are available at relatively low costs and in high quantities.
In order to assess the lubrication performance of the ionic
liquids, lubricated reciprocating sliding wear tests were
conducted between M2 tool steel samples and a steel sty-
lus. Initial tests conducted at a sliding speed of
0.005 m s™' and 30 N showed that ionic liquids could
provide low friction lubrication, comparable to that of SAE
5SW30 friction modifier free engine oil under the same test
conditions; however, lubrication was lost after short sliding
distances. Further testing with higher sliding speed/lower
load and varying sample surface textures showed that ionic
liquid lubrication could be better maintained in high-speed/
low-load testing and by increasing the roughness and
therefore surface area of the sample. It was also observed
that the choline chloride/urea ionic liquid formed a residual
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film when tested on iron silicate peened samples, and that
this film may promote lubrication.
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1 Introduction

ITonic liquids are salts with very low melting temperature,
such that they are molten below 100 °C and some are
molten at ambient conditions [1-3]. In ionic liquids, the
cation is typically an organic compound [4]. The strongest
current interest in ionic liquids is their potential use as a
solvent media, and there have been numerous studies
investigating ionic liquids for use in metal plating, electro-
polishing, metal reprocessing and phase media transfer
[5-10]. Ionic liquids typically have a number of properties
that make them well suited to such applications: they are
good solvents for a wide range of both organic and inor-
ganic materials; they are immiscible with a large number of
organic solvents, and they are generally considered non-
volatile with a very low vapour pressure [11], making them
suitable for applications in high vacuum and at elevated
temperature. An interest that has been emerging recently is
in their application as a lubricant in challenging contacts
[12-15]. Many of the studies conducted so far on ionic
liquid lubrication have focused on the formation of low
friction monolayers which are potentially highly suscepti-
ble to wear. These approaches also typically employ ionic
liquids based on organic compounds such as alkylimi-
dazolium hexafluorophosphate and pyridinium tetrafluoro-
borate that are relatively expensive [15—18]. This study
looks to investigate lubrication from larger liquid reser-
voirs retained at the steel surface and employs ionic liquids

@ Springer



104

Tribol Lett (2010) 37:103-110

with choline chloride cations. Choline chloride is an
organic compound that is in mass production as a vitamin
supplement in poultry and pig feed and is therefore readily
available in bulk and at relatively low cost.

The lubrication ability of the ionic liquids was assessed
in terms of friction coefficient of the contact, duration of
lubricant retention and observed wear of surfaces and
compared with that of a commercial engine oil. Assessment
was conducted for a number of reciprocating sliding wear
tests, under two testing regimes, low-speed/high-load and
high-speed/low-load. The role that surface texture plays in
determining ionic liquid retention during lubrication of
reciprocating sliding wear was also investigated.

2 Experimental Details

The ionic liquids used in this study are termed ethaline and
reline. Both of these ionic liquids have the organic com-
pound choline chloride as their cation. The anions of the
two ionic liquids are: (i) ethaline—ethylene glycol (EG) and
(ii) reline—urea. This gives the ethaline and reline com-
pounds, the composition of (2EG:1ChCl) and
(2(urea): 1ChCl), respectively; the chemical structures of
the components are shown in Fig. 1. These ionic liquids
were formed by mixing the pure components using the
following experimental protocol.

Choline chloride [HOC,H4N(CHj3)5Cl] (ChCl) (Aldrich
99%) was, when necessary, recrystallised from absolute
ethanol, filtered and dried under vacuum. Urea
(Aldrich > 99%) was dried under vacuum prior to use.
Ethylene glycol (Aldrich 994-%), was used as received.
The mixtures were formed by stirring the two components
together, in the stated (mole ratio) proportions, at 50 °C
until a homogeneous, colourless liquid had formed.

Physical properties including viscosity, conductivity,
density and surface tension for various choline chloride
eutectic-based ionic liquids have been reported in detail
previously [17-21]. Viscosity is of particular importance
for lubrication, and the viscosity of the two ionic liquids
was ~ 36 and ~ 120 mPa s for the ethaline and reline ionic
liquids, respectively.

This study looks at the lubricant retention of three sur-
face finishes, with very different surface roughnesses and
morphology. Surface texturing was performed in two
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Fig. 1 Chemical structure of a choline chloride; b ethylene glycol;
and ¢ urea
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stages, a grinding stage and then either a further polishing
stage or a shot-peening stage. The surfaces produced are
termed ‘ground’ and ‘polished’, i.e., those produced by the
grinding and polishing stages, and ‘peened’. This section
discusses the details of the texturing processes, the results
section details the surfaces produced. The grinding and
polishing stages were performed on a Struers TegraPol-21
polishing machine, with a bed speed of 150 rpm and a
co-rotating head speed of 150 rpm. The applied load per
sample was 30 N. The ground texture was produced by
5 min of grinding with wet #220 SiC paper. This texture
was used as a precursor to all other texturing stages. The
polished surface was produced by a 5-min polishing process
with 9-um diamond solution, followed by a 5-min polishing
process with 6-um diamond solution, dispensed by a Struers
TegraDoser-5. The shot peening stage was conducted in an
Ellermatic 600 blast chamber, with a nozzle outer diameter
of 8 mm, an air pressure of 7 bar and 550 g of blast media
material. The samples were positioned 10 cm from the
nozzle and the material plume covered the total area of the
sample surface ensuring even texturing. The blast media
used was iron-silicate, which is a cheap and commonly
available blast media with angular particles of Mohs 6-7
hardness, and a diameter range of 0.2—1.7 mm. The surface
textures produced were imaged in a Phillips XL30 envi-
ronmental scanning electron microscope (SEM), and fea-
tures of interest analysed by energy dispersive X-ray
analysis (EDX). Surfaces were also imaged in a Veeco
Dimension 3100 atomic force microscope (AFM), which
allows detailed surface topography to be investigated and
surface roughness parameters to be calculated.

The surface textures produced were examined by SEM
and AFM (see Fig. 2) and show very different surface
textures. Values of surface roughness parameter R, were
found from AFM scans as were values for surface area-
to-scan area ratio, or surface area ratio (SAR) for short.
SAR is defined here as the total surface area of the
topography scanned in an AFM image divided by the scan
area, therefore a perfectly flat surface will have a value of
SAR = 1. The ground surface has an R, of ~70 nm, with
many long overlapping troughs 1-10 pm in width and a
SAR of 1.0047 (10047 um?* over a 10000 um? scan); the
polished texture is much smoother, with R, of ~8 nm and
SAR of 1.0001; the surface shot peened by iron silicate
blast media retains some of the trough features from the
grinding process, but the surface has been heavily
deformed with some very angular features, giving a much
increased surface roughness, R, ~ 200 nm, and SAR of
1.0275.

Reciprocating sliding wear tests were performed
between two steel surfaces the flat textured sample, and a
spherical stylus (radius 2.5 mm). The sample was com-
posed of M2 steel (hardness ~ 8.3 GPa) and the stylus of a
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(b)

R,=200nm

Fig. 2 SEM images and AFM scans of the textured surfaces with roughness parameter R, and surface area ratio (SAR) inset: a ground; b

polished; and ¢ iron-silicate peened

hardened steel (hardness ~8.9 GPa). Reciprocating slid-
ing wear tests were conducted for two conditions: (i) low-
speed/high-load and (ii) high-speed/low-load. In order to
achieve a reasonable range of speeds, it was necessary to
conduct the two different tests on different apparatus. In
order to compare the performance of the ionic liquids with
a commercial lubricant, a friction modifier free SAE 5W30
oil was tested under similar conditions to those for the ionic
liquid tests. The SAE 5W30 oil was fully formulated, but
no friction modifiers were added to the base oil. Friction
modifiers help to separate the surfaces by the use of pres-
sure supporting additives and usually have a low resistance
to shear which results in lower friction than for oils that do

not have friction modifiers. In the experiments here, since
there are no friction modifiers, the friction response of the
oil would not be dominated by the boundary additive
performance. This allows comparison of the ionic liquids
with an oil that does not have specific pressure supporting
additives.

The low-speed/high-load tests were conducted on a Teer
Coatings ST-200 scratch tester used in fixed-load recipro-
cating mode. The test parameters used were a reciprocating
traverse distance of 5 mm, a sliding speed of 0.005 m s~ ',
and a load of 30 N. The high-speed/low-load tests were
conducted on an adapted pin-on-disc wear tester, where the
rotary motion was converted to a reciprocating motion;
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allowing for much higher sliding speeds. The reciprocating
traverse distance remained at 5 mm, a higher sliding speed
of 0.05 m s~' was used, and the applied load at the point of
contact was 5 N. The contact pressures for these two
conditions were calculated from Hertzian contact
mechanics to be 105 and 43 MPa, respectively. These
contact pressures are greater than would be experienced in
the majority of automotive engine applications, but lead to
realistic amounts of wear being generated in a relatively
short time. All tests were conducted at ambient tempera-
ture, pressure and humidity. Between individual sliding
tests, the stylus was repositioned for a new contact point
and cleaned with acetone for oil lubrication, or water fol-
lowed by acetone for ionic liquid lubrication. Tests were
either stopped when it was observed that lubrication had
been lost or after an extended period without loss of
lubrication, this is discussed further in the results section.

In the reciprocating wear tests, good lubricant coverage
with no large droplets of liquid was ensured by spin drying
the surface after they have been supplied with a surplus of
lubricant. The spin drying was achieved by spinning the
samples at 15,000 rpm for 10 s. The spin drying process
drives off the majority of the lubricants leaving only that
which is well adhered to the surface or entrapped in surface
features. This procedure was used for all lubricants. The
amount of lubricant retained after the spin drying process is
therefore in part determined by the affinity of the lubricants
to the sample surface. The tests in this paper can therefore
be considered to be testing boundary films rather than fully
flooded contacts. The decision to use boundary films was
made to allow realistic amounts of wear to be generated in
short testing times. The affinity of the lubricants to the
sample surface was determined by assessing the wettability
of the surfaces using a sessile drop test. In the sessile drop
test, a droplet of liquid was placed onto the surface, and the
contact angle that was formed between the droplet and the
surface was measured, in this case by observation in a
shadowgraph. This contact angle is governed by the com-
promise between reducing the surface energy; by forming a
surface with the atmosphere, and by forming a surface with
the sample. A simplified interpretation gives a qualitative
indication of the lubricants affinity for the surface. A low
contact angle indicates poor affinity between liquid and
surface, a high contact angle indicates good affinity,
illustrated in Fig. 3. The lubricant’s affinity is of interest as
it will help to determine the ease with which liquids adhere
to the surface. Sessile drop tests were conducted for both
ionic liquids and the SAE 5W30 engine oil, on each of the
prepared surfaces finishes.

The sessile drop test results showed that the contact
angle and by extension the lubricants affinity to the surface
was not affected by the texturing processes. The contact
angles that were measured for the three liquids were: (i)
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Fig. 3 Illustration of measuring contact angle to determine affinity
between lubricants and the surface

High affinity

164° for the SW30 engine oil; (ii) 114° for the ethaline
ionic liquid, and (iii) 101° for the reline ionic liquid, £2°
for all surface finishes. The results show that the engine oil
had by far the highest affinity for the steel surface, and the
reline ionic liquid had the lowest.

3 Results and Discussion

The friction coefficient was recorded throughout recipro-
cating sliding wear tests and Fig. 4 shows example friction
traces for tests conducted with the ethaline, reline, SAE
5W30 engine oil and unlubricated dry sliding at low-speed/
high-load conditions on a ground surface finish.

It can be seen that the SAE 5W30 engine oil maintains a
low value of friction coefficient, ~0.2, throughout the
period of the test. The unlubricated dry sliding test shows an
almost immediate high friction coefficient of ~0.8. The
two ionic liquids maintain a low friction coefficient, com-
parable to that of the SAE S5W30 engine oil, for a short
duration that is then followed by a rapid transition to a
higher value of friction coefficient, similar to that of the dry
sliding testing. This high friction state is then maintained for
the remaining duration of the sliding test. This rapid change
in friction coefficient is considered to be due to a loss of
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Fig. 4 Example friction coefficients recorded during sliding wear
testing for low-speed/high-load tests conducted on ground surface
finish
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lubricant in the sliding contact, i.e., the friction coefficient
increases when the boundary lubrication film is lost. The
initially low friction coefficient was demonstrated in all
testing at both low-speed/high-load and high-speed/low-
load. As discussed in Sect. 2, the sliding distance achieved
prior to the loss of lubricant was therefore used to indicate
lubricant performance. Transitions from low to high friction
coefficient occurred over varying periods, as shown in the
examples in Fig. 4. Therefore, lubricant loss was deter-
mined to have occurred once the friction coefficient
exceeded 0.7. The sliding distance achieved prior to lubri-
cant loss was found for each pairing of surface texture and
lubricant for between 4 and 6 test runs each. The sliding
distances prior to lubricant loss for ionic liquids are shown
in Table 1 and illustrated in Fig. 5. Values underlined in
Table 1 are for distances where testing was stopped prior to
loss of lubrication, and therefore only indicate that lubri-
cation was retained for at least this period of sliding.

Table 1 and Fig. 5 do not include sliding distances prior
to lubricant loss for the SW30 engine oil, which retained
lubrication for the duration of 3 x 30 m sliding runs at
0.005ms '/30 N on each surface texture and
3 x 300 m sliding runs at 0.05 m s~'/5 N on the ground
surface only. After this time, tests were stopped owing to
time constraints. The SW30 engine oil showed the greatest
lubricant retention of the three lubricants.

The reline ionic liquid also showed good lubricant
retention, comparable to that of the SW30 engine oil in
some instances, with tests run at 0.05 m s7!/5 N on the
peened surface showing no evidence of lubricant loss
within the period of any of the sliding runs. For all of the

Table 1 Sliding distances prior to lubricant loss (all values in metres)

0.005 m s~'/30 N 0.05ms™ /5N
Ethaline Reline Ethaline Reline
Ground
Maximum 1.25 5.25 36.50 452.50
Minimum 0.47 0.24 1.70 3.20
Mean 0.82 2.23 17.46 125.15
a 0.31 2.01 16.08 166.99
Polished
Maximum 0.18 0.90 13.50 156.00
Minimum 0.07 0.05 0.65 7.00
Mean 0.12 0.27 4.47 68.88
o 0.04 0.33 5.35 54.45
Peened
Maximum 5.52 30.00 62.00 600.00
Minimum 0.25 1.25 1.50 200.00
Mean 2.75 14.50 14.77 368
o 2.18 12.77 26.43 208

0.005m s~ '/30 N and 0.05m s '/5 N tests, the reline
ionic liquid outperformed the ethaline ionic liquid. For
0.05 m s™'/5 N testing, the mean sliding distance prior to
lubricant loss was an order of magnitude greater for reline
ionic liquids than for ethaline ionic liquids. The testing at
0.005 m s~!/30 N showed the same trend, but there the
difference in mean sliding distance to lubricant loss was
lower. These results also show that the sliding distance to
lubricant loss of the reline ionic liquid varied considerably,
with a standard deviation an order of magnitude greater
than that of the ethaline ionic liquid for most instances.
There are several possible sources of the variation in
sliding distance to lubricant loss. The scatter may be
caused by variations in the surface roughness; from
inconsistent coverage and/or retention of the lubricant on
the surface after the spin drying process, or from differ-
ences in the local adhesion of the ionic liquids to the steel
surface owing to variations in the underlying steel micro-
structure. At this point in time, it is difficult to say which of
these factors is most critical.

High values of average sliding distance to lubricant loss
do not, however, guarantee good performance; the mini-
mum sliding distance is also of interest as these contacts
tend to remain at high friction once lubricant loss has
occurred. The reline ionic liquid shows some instances of
very early lubricant loss, particularly during 0.005 m s™'/
30 N testing. However, the incidence of early failure was
still greater for the ethaline ionic liquid, as evidenced by
the low mean and small values of standard deviation. The
greater performance of the reline ionic liquid when com-
pared to the ethaline ionic liquid indicates for these liquids
a greater dependence on lubricant viscosity, with the reline
ionic liquid showing qualitatively poorer affinity to the
steel surface, but a higher viscosity.

The results of sliding wear testing also show an
improvement in lubricant retention with an increase in
surface area-to-scan area ratio, supporting the idea that
lubricant was retained in surface features. It is reasonable
to assume that there is a limit to this trend and that there
exists a compromise between the need for surface features
in which to entrap lubricant and the size of surface asper-
ities which may penetrate the lubricant film causing contact
and wear. While further testing with differing surface
morphologies would be required to determine the ideal
surface finish, this short study has shown surface texturing
can help to retain ionic liquid lubricants. Also, greater
sliding distances to lubricant loss were observed for
0.05 m s—1/5 N testing, most likely due to increased
entrainment velocity and a decrease in load. The higher
load of the 0.005 m s~ '/30 N testing gives an increased
contact pressure, where high pressure will likely flatten
surface features, reducing surface area and squeezing
lubricant from surface features.
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Fig. 5 Plots of sliding distance 0.005m s1/30N 0.05ms*/5N
to lubricant loss for: a low- 35 700
speed/high-load testing and b 600
high-speed/low-load testing. = % -
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Fig. 6 SEM image and EDX spectra of the stylus face after testing with reline ionic liquid on iron-silicate peened surface texture. Spectra of

indicated areas

It was also observed that for tests conducted with reline
ionic liquids and surfaces textured by peening with iron
silicate particles, a discoloured residual film formed around
the wear debris in the sliding track and on the stylus sur-
face. This film was noted to be larger for long duration
testing. It was unclear if the development of a larger film
was due to the increased sliding distance or whether the
formation of this film was beneficial and aided lubrication,
lengthening lubricated sliding distance. It was clear from
observation that the film had high viscosity and was well
retained in the sliding track.

The residual film on the stylus and in the scratch track,
was imaged in a scanning electron microscope (SEM) and
analysed by EDX techniques (see Figs. 6 and 7). These
images were taken from a sliding test at 0.005 m s~ '/30 N,
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after a sliding distance of 1 m, when the film was first seen
to form. It is clear from the spectra that the residual film
has high chlorine and silicon content, not seen in the
spectra of unworn steel away from the contact area. There
were dissimilarities between the observed residual film on
the stylus and sample surface. The EDX spectra were
nominally the same for the residual film the worn contact
areas observed on the sample, however, on the stylus the
film was not present in the centre of the contact. This is
most likely to be due to the curved geometry of the stylus
allowing the film to be pushed out of the contact area. The
chlorine was clearly contributed by the ionic liquid; the
silicon however must have been introduced by the iron
silicate peening. The greater silicon content in the residual
film would appear to indicate that a chemical interaction
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Fig. 7 SEM image and EDX spectra of the wear track on the sample surface after testing with reline ionic liquid on iron-silicate peened surface
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has occurred that concentrates silicon from the sample
surface into the residual film.

4 Conclusions

This study has shown that the ionic liquids investigated
here can provide a low friction coefficient when used to
lubricate a steel/steel contact, comparable to that of the
SAE 5W30 engine oil. The ionic liquids are not, however,
retained within the contact as well as engine oil and
lubricant loss was observed to occur in most instances after
relatively short sliding distances. The reline ionic liquid
was observed to lubricate for longer during sliding wear
than the ethaline, with greater mean and maximum sliding
distance for all test configurations. This was likely due in
part to its higher viscosity compared to the ethaline ionic
liquid, and is in contrast to its lower affinity to the surface
as qualitatively determined by a modified sessile drop test.
The improved lubricant retention of reline ionic liquid over
ethaline ionic liquid was most pronounced at high sliding
speed and low applied load where lubrication retention
appeared comparable to that of SAE 5W30 engine oil. It
has also been observed that the retention of lubrication was
affected by surface texture and that there was an apparent
increase in lubricant retention with increase in SAR, as
obtained by AFM. Lubricant retention was highly variable
and even for the best ionic liquid/surface texture pairing
very early lubricant loss still occurred in some instances.

It has also been seen that a residual film forms during
sliding wear tests of reline ionic liquid on iron silicate
peened surfaces. This film has been identified by EDX
analysis to have a concentration of chlorine and silicon that
was not observed elsewhere on the sample or the stylus
surfaces. The chlorine in the residual film will have arisen
from interaction between the steel surface and the reline
ionic liquid, and the silicon would appear to have been
introduced by the iron silicate peening process and then
concentrated in residual film. The build up of the residual
film was largest in sliding tests where the ionic liquid was
well retained and lubricant loss occurred after a large
sliding distance. It is unclear if the residual film was ben-
eficial to lubrication or if it merely developed with exten-
ded periods of sliding.

This study has looked at application of ionic liquids on
steel substrates and found that low friction coefficients
comparable to that of commercial engine oil are possible.
This is a promising start as these ionic liquids were chosen
primarily for their availability, and they are not chemically
tailored to steel lubrication. Additional work is required to
optimise the retention of these lubricants at the surface and
within the contact where they are needed.
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