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Abstract The effect of ionic liquid (IL) lubrication for

aluminium/steel systems is highly dependant on the applied

load and the IL structure. This study illustrates that a

change in anion of an IL lubricant results in different

physicochemical properties that will alter its performance

at a given load. As the load is increased there is a shift in

lubricant performance and mechanism of the IL. Up to

a load of 30 N the lowest wear coefficient was achieved by

a phosphonium diphenylphosphate IL, whilst above 30 N a

phosphonium bis(trifluoromethanesulfonyl)amide IL was

able to form a more tenacious tribolayer that resulted in the

lowest wear.

Keywords Boundary lubrication � Tribofilms � Ionic

liquids � Friction � Wear � Surface interactions � Wear

mechanisms

1 Introduction

The use of aluminium alloys in areas such as the auto-

motive industry, aviation and space technology is

increasing due to their high strength to weight ratio, cor-

rosion resistance and high thermal conductivity [1–3].

Unfortunately, the tribological performance of aluminium

and its alloys is considered to be poor [2, 4]. In particular,

when steel and aluminium alloys come into contact high

wear and seizing is likely to occur. This means that care

must be taken to ensure the two alloys do not come into

contact; for instance in diesel truck engines, aluminium

blocks are being used to reduce weight, however, the cyl-

inders must be lined to ensure the steel piston is not in

contact with the aluminium alloy of the block [3]. These

linings add considerable expense and complexity to the

process. It would be advantageous for certain applications

if suitable lubricants were developed such that steel could

move in contact with aluminium without causing excessive

wear.

The main requirement for a lubricant is to maintain a

separation between moving parts to minimise wear and

friction. At low loads, the lubricant forms a fluid film

between the moving parts that reduces wear and friction. In

this low load regime, the viscosity of the lubricant deter-

mines the amount of separation between the parts. At

increased loads, the moving parts begin to come into

contact with each other as the lubricant is squeezed out

from between them [5]. When the moving parts begin to

come into contact it has been shown that oil additives with

long polar molecules, that bond to the surface of the

moving parts, work well to reduce friction and wear [6, 7].

At higher contact pressures, where material contact

increases, extreme pressure additives in oils, such as zinc-

dialkyl-dithiophosphate (ZDDP) for steels, are thought to

break down, as a result of the pressure. The breakdown

products can then react with the metal surface to form low

friction layers, called extreme pressure (EP) layers, which

reduce wear and friction [8]. ZDDP has been shown to be

incompatible with aluminium alloys and a viable alterna-

tive is yet to be found [8, 9].

Room Temperature Ionic Liquids (ILs) are salts that are

liquid at or near room temperature. These materials have
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been investigated for their use as environmentally benign

solvents, electrolytes for devices (such as batteries, fuel

cells and solar cells), lubricants and anti-corrosion coatings

[10–12]. The specific properties of ILs that make them

suitable as prospective lubricants are their low volatility, so

that they can be used in reduced pressure applications and

their non-flammability and thermal stability, meaning that

they will be able to safely withstand increased temperatures

involved when there is high friction. One of the main

attractions of ILs is the variety of molecules that can be

used; one estimate is that there is something in the order of

a million combinations available, each with its own unique

properties [13]. This means that ILs are highly tuneable for

a particular application. For lubrication, current research is

aimed at identifying those ILs that will improve the wear

performance of various systems, including aluminium in

contact with steel. For the steel–aluminium system,

researchers have investigated RTILs with various cations,

such as imidazoliums, pyridiniums, ammoniums and

phosphoniums, and various anions, such as tetrafluorobo-

rate, hexafluorophosphate, triflate, tosylate and bis(trifluo-

romethanesulfonyl)amide (NTf2) [2, 12, 14–17].

In this study, the wear performance in a pin-on-disc test

of ILs with a trihexyl(tetradecyl)phosphonium cation

(P66614
?) and two different anions will be investigated at

loads of 1–40 N. The anions are the phosphorus-containing

diphenyl-phosphate (DPP) and the fluorine-containing

NTf2. Whilst Minami et al. [18] have recently tested a

number of tetraalkylphosphoniums with the NTf2 anion as

lubricants for steel on steel contact, their performance for

lubricating steel on aluminium is yet to be investigated.

The system studied here uses a 100Cr6 steel ball on an

AA2024 aluminium disc in a rotating pin-on-disc test.

2 Experimental

The ionic liquids investigated in this study are shown

below in Fig. 1. The synthesis and characterisation of the

IL with the DPP anion are detailed elsewhere [19], whilst

Cytec Canada Inc. supplied the NTf2 anion-based IL. A

fully formulated 15W-50 diesel engine oil was also tested

for comparison. Table 1 shows the viscosity of the ILs and

the oil at 40 �C, which were measured using an AMVn

Automated Microviscometer. The wear tests were con-

ducted at room temperature (22 �C) on a Nanovea pin-on-

disc tester according to ASTM G99 using 6-mm 100Cr6

balls on 45-mm diameter AA2024 aluminium discs.

Results were obtained from an average of three tests. The

composition, Vickers hardness and average roughness, Ra,

of the steel balls and aluminium discs are shown in

Table 2. The supplier provided the composition, hardness

and roughness of the steel balls. The supplier also provided

the composition of the aluminium discs, whilst the hard-

ness was determined using a Wolpert Wilson 452SVD

Vickers Hardness tester with a 30 N load, and the rough-

ness was measured using a Dektak 150 stylus profilometer.

The discs were lubricated with 0.1 ml of lubricant.

Experiments were conducted at loads of 1, 2, 5, 10, 20, 30

and 40 N for a distance of 2500 m, with a wear track

diameter of 20 mm and a speed of 0.2 m/s. The coefficient-

of-friction was recorded throughout the experiment. On

completion of the wear tests, the wear depth was measured

using the Dektak 150 stylus profilometer.

Optical micrographs of the wear scars were taken using

a Leica MZ6 stereomicroscope. For more detailed analysis

of the worn surface, SEM and EDS were undertaken using

a JEOL JSM-840A scanning electron microscope.

Fig. 1 Molecular structures of

Ionic liquids used in this study
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3 Results and Discussion

3.1 Wear Tests

The average coefficient-of-friction for the pin-on-disc

experiments is shown in Fig. 2a. For the lubricant with an

NTf2 anion, the friction traces used to calculate these

averages were stable throughout the test from 1 to 20 N,

with some short peaks occurring at the 30 and 40 N loads

(For example see Fig. 3). For the DPP-based IL, the

friction traces were stable from 1 to 30 N; however, at the

40 N load, the friction had a short peak, followed by a

sharp increase in friction that did not recover (See Fig. 3)

resulting in termination of this test. When the friction and

wear becomes this extensive the lubricant is considered to

have failed and the test is stopped. At each of the loads

tested the P66614NTf2 had a slightly lower average coef-

ficient-of-friction than the P66614DPP lubricant. Both ILs

had much lower coefficients-of-friction than the standard

15W-50 diesel engine oil. For all lubricants there is a

shift from a low coefficient-of-friction at 1 N to a higher

coefficient-of-friction at 10 N that remains relatively

stable to the higher loads. This may be due to a change in

lubrication regime from the hydrodynamic regime at low

loads, where a lubricant film supports the load, through a

elastohydrodynamic region, where metal asperities begin

to come in contact, until, at high loads there is increased

Table 1 Viscosities of lubricants tested at 40̊ C

Lubricant Viscosity

at 40 �C (mPa s)

P66614NTf2 140

P66614DPP 210

15W-50 oil 130

Table 2 Composition, hardness and roughness of alloys tested

Elemental

composition (wt%)

Alloy

AA2024 100Cr6

C – 0.98–1.10

Cu 3.8–4.9 –

Si 0.5 max 0.15–0.3

Mn 0.3–0.9 0.25–0.45

Mg 1.2–1.8 –

Cr 0.1 max 1.3–1.6

Zn 0.25 max

Ti 0.15 max

S – 0.025 max

P – 0.025 max

Others 0.15 max –

Fe 0.5 max Balance

Al Balance –

Hardness (Vickers) 145 850

Ra (lm) 0.09 0.05 max

Fig. 2 a Average coefficient-of-friction and b wear coefficient as a

function of load for 100Cr6 steel against AA2024 aluminium

lubricated by ILs

Fig. 3 Friction curves at a 40 N load for 100Cr6 steel against

AA2024 aluminium lubricated by ILs
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metal-on-metal contact, causing increased friction and

resulting in the formation of boundary layers [6]. Since

the lowest load available was 1 N, it is difficult to tell if

the coefficient-of-friction could be further reduced, so

even the initial wear condition undertaken here may be

borderline in the elastohydrodynamic region. To assist in

the determination of wear regime, minimum film thick-

ness calculations were carried out for the test conditions

as described above. These calculations used the equation

from Hamrock and Dowson [5, 20] to calculate the film

thickness:

Hmin ¼
hmin

Rx
¼ 3:63U0:68 G0:49 W�0:073 1� e�0:068k

� �
ð1Þ

One of the parameters required to calculate this property is

the pressure viscosity coefficient, which is determined from

pressure dependent viscosity measurements. As these

measurements are not widely undertaken in the area of

ILs, this calculation does not seem to be present in most

reports of IL lubrication. However, in our study we have

estimated this coefficient from data presented by Pensado

et al. [21] and have estimated that the minimum film

thickness, hmin, ranges from 0.09 to 0.20 lm for the ILs

tested at loads of 1–40 N. To take into account the effect of

surface roughness the dimensionless film parameter, or

Lambda ratio, a ratio of the film thickness, h, to the

composite surface roughness of the contacting bodies,P
Ra, was calculated [22]:

K ¼ h
P

Ra
ð2Þ

Values of K at or below unity are indicative of boundary

lubrication. For the system tested the composite surface

roughness was 0.12 lm, giving values of K of 0.75–1.67,

indicating that initial wear regime at the loads of 1–40 N

ranges from the mixed regime to the boundary regime [5].

The wear coefficients at each load, as shown in Fig. 2b

for the two ILs and the engine oil, indicated a different

trend than the average friction. The P66614DPP lubricant

showed considerably less wear than the P66614NTf2 lubri-

cant at 5, 10, 20 and 30 N followed by a rapid increase in

wear and friction at 40 N, as discussed above, such that the

test was terminated. At loads of less than 5 N, wear depths

were so low that they were not able to be distinguished

from the surface roughness. The standard engine oil

showed much higher wear than both ILs from 10–30 N,

and was stopped after 1800 m at 40 N due to excessive

wear. At 5 N, the engine oil’s wear coefficient was similar

to that of the IL’s.

Figure 3 shows the complete friction trace at the 40 N

load for the two ILs. As described above, the P66614DPP

lubricant showed a limited ability to recover once the

coefficient-of-friction increased sharply. The P66614NTf2

lubricant, on the other hand, was able to recover from the

spikes in friction, and in fact the coefficient-of-friction can

be seen to be reducing towards the end of the test. It is

proposed that these spikes in friction are due to large pieces

of wear debris entering the wear scar and causing increased

gouging of the aluminium alloy surface. For IL lubricants,

it has been proposed that tribolayers form on the metal

surfaces that lead to the reduced friction and wear exhibited

[3, 16, 23]. For the P66614NTf2 lubricant it appears likely

that the tribolayer formed is more able to withstand the

large pieces of wear debris than the tribolayer formed by

the P66614DPP lubricant. This may be due to the tribolayer

itself being more tenacious in the case of the P66614NTf2

lubricant, or it may be thicker than the tribolayer formed by

the P66614DPP lubricant.

The importance of the tribolayers may be accentuated in

these experiments due to the use of large, 45-mm diameter

2024 aluminium discs with relatively small volumes of

lubricant. As the test progressed the lubricant moved

towards the outer surface of the disc, resulting in less

lubricant in the wear path. Consequently, towards the end

of the test, as the tribolayer is removed there is less

lubricant available to reform this layer. This may explain

the poorer performance of the IL lubricant with a DPP

anion at 40 N as compared to that of the NTf2-based

lubricant.

4 Surface Analysis

The optical images in Fig. 4 show the change in perfor-

mance of the DPP IL from 30 to 40 N. At 30 N, the wear

scar for the system with the DPP IL lubricant is consid-

erably smaller than that in the case of the NTf2 IL and is

marked on the figure with a white line to assist finding it.

However, at 40 N the NTf2 wear scar has hardly increased

in size compared to that at 30 N, whilst the DPP wear scar

has increased significantly, as has the amount of wear

debris. The 40 N DPP sample was also stopped after

1250 m, whilst the NTf2 samples went to 2500 m, so the

amount of wear would almost certainly have been much

higher if the tests were allowed to continue to 2500 m. This

supports the idea that, as the load is increased from 30 to

40 N, the tribolayer formed by the DPP IL is not able

to withstand the gouging by large wear particles, leading to

metal-on-metal contact.

The EDX was used to further analyse the wear scar and

to characterise the tribolayers formed by the P66614NTf2

and P66614DPP lubricants. Figure 5 shows EDX spectra of

the two wear scars at 30 N. It can be seen that the NTf2

sample has fluorine and an increased amount of oxygen

present, suggesting that a film-containing metal fluorides

has formed. It has been proposed that this type of film can

282 Tribol Lett (2010) 40:279–284
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be a good EP film [23]. On the DPP wear scar, however,

there is only a low intensity signal from phosphorous, and

the oxygen peak is much smaller in this case. The increased

amount of oxygen seen on the P66614NTf2 wear scar and the

relatively large fluorine peak may indicate that a compar-

atively thick tribolayer comprising of aluminium oxides

and aluminium fluorides has formed. Mu et al. [2] and

Chen et al. [14] have found aluminium fluorides, alumin-

ium oxides and aluminium hydroxides present in the wear

scars formed by fluorine-containing IL lubricants that

performed well. The much smaller oxygen and phosphorus

peaks on the P66614DPP wear scar may indicate the

presence of aluminium oxides and aluminium phosphates

that have formed a thinner tribolayer. Due to the interaction

volume of the EDX experiment, the sensitivity to very thin

films can be low, even at the 5 kV used in the analysis.

Thus, it appears that the film formed by the DPP IL is very

thin, which contributes to its poor performance at 40 N. At

loads of less than 40 N, the DPP IL showed lower wear

coefficients than the NTf2 IL. It has been proposed that

phosphorus-containing ILs could form stable aluminium

phosphates that reduce the wear rate of aluminium [2].

The thickness of the tribolayer may explain why the

NTf2 sample is able to withstand the 40 N load. At loads of

Fig. 4 Optical images of the

wear scars at 30 and 40 N.

a P66614NTf2 30 N 2500 m,

b P66614NTf2 40 N 2500 m,

c P66614DPP 30 N 2500 m and

d P66614DPP 40 N 1250 m

Fig. 5 The EDX spectra for pin-on-disc wear scars on 2024 aluminium lubricated with IL lubricants tested at 30 N. a P66614NTf2 and

b P66614DPP
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30 N or less, the tribolayer formed by the DPP lubricant

leads to less wear at these loads; however it does not appear

to be able to withstand the pressure applied by a load of

40 N. Further investigation into the nature of the tribofilms

formed is being conducted.

5 Conclusion

The performance of two candidate IL lubricants was

assessed for the steel/aluminium system at various loads

using a pin-on-disc test. In reference to the friction results,

as the applied load was increased the wear regime moved

from the elastohydrodynamic region, where asperities

begin to come into contact and into the EP region, where

the increased pressure and temperature and the exposure of

fresh metal surfaces causes the ILs to react and break down

to form a low friction layer. It was shown that the perfor-

mance of an IL lubricant is dependant on its structure and

the load applied. At lower loads, the IL with a DPP anion

appeared to form a more wear resistant tribolayer. At

higher loads, however, the bis(trifluoromethanesulfonyl)

amide anion resulted in lower wear and this may be due to

the formation of a more tenacious or thicker tribolayer.
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