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Abstract

Four non-halogenated ionic liquids (ILs) with trihexyl(tetradecyl)phosphonium cation are tested as lubricant additives to 

polypropylene (PP) and lithium-complex (LiX) greases. In pin-on-disk tests at elevated temperatures, the addition of an 

IL with bis(oxalato)borate ([BOB]) anion reduces wear by up to 50% when compared to the neat LiX base grease; an IL 

with bis(mandelato)borate ([BMB]) anion reduces friction by up to 60% for both PP and LiX. Elemental analysis reveals 

that oxygen-rich tribofilms help to reduce wear in case of [BOB], while the friction reduction observed for [BMB] is likely 

caused by adsorption processes. We find that temperature has a pronounced effect on additive expression, yet additive con-

centration is of minor importance under continuous sliding conditions. In contrast, rolling-sliding experiments at 90 °C show 

that the traction performance of LiX grease is dependent on additive concentration, revealing a reduction in traction by up 

to 30 and 40% for [BMB]- and [BOB]-containing ILs at concentrations of 10 wt%. Finally, an IL with dicyanamide anion 

reduces friction and increases wear in pin-on-disk tests at room temperature, while an IL with bis-2,4,4-(trimethylpentyl)

phosphinate anion increases wear, showing only limited potential as grease additives. Overall, this work demonstrates the 

ability of non-halogenated ILs to significantly extend grease performance limits.

Keywords Ionic liquid lubrication · Non-halogenated ionic liquids · Polypropylene grease · Lithium-complex grease

1 Introduction

Lubricating greases rely on carefully designed additive pack-

ages to reduce friction and wear under harsh operating con-

ditions. While traditional additive formulations often contain 

considerable amounts of phosphorus, zinc, and sulfur, the 

growing need for sustainable lubrication technologies is lim-

iting the use of these elements to ever-decreasing quantities 

[1]. Thus, the development of additives with reduced envi-

ronmental impact has become a multidisciplinary challenge.

One class of additives that has been suggested in this 

context is ionic liquids (ILs), generally defined as salts with 

melting points below 100 °C, fully composed of discrete 

ions. Due to a large number of possible ion combinations, 

their physicochemical properties can be tuned widely. More-

over, their polar nature eases their dissolution in polar liq-

uids such as vegetable oils and esters [2–10], while many ILs 

also show reasonably good solubility in poly-alpha-olefins 

(PAOs) [11–14] and mineral oils [14–18].

So far, various ILs have been studied for their use in 

tribological systems, both as neat lubricants and lubricant 

additives [19–24]. The focus of research has been on ILs 

with imidazolium, phosphonium, ammonium, and pyri-

dinium cations in combination with halogenated anions, 

such as tetrafluoroborate, bis(trifluoromethylsulfonyl)imide, 

and hexafluorophosphate. Although this so-called second 

generation of ILs showed remarkable performance in basic 

tribological testing, their claimed environmental advantage 

has been questioned repeatedly [25, 26], mostly because of 

susceptibility to hydrolysis (and therefore corrosion) and the 

formation of toxic halogen compounds, such as hydrogen 

fluoride.
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In earlier work, our group has synthesized non-halogen-

ated, orthoborate ILs that enable low friction and wear in 

aluminum–steel [27] and steel–steel [28, 29] sliding con-

tacts, both as neat lubricants and additives to oils. Due to 

their boron-based anions, these ILs potentially exhibit good 

tribological performance [30] with reduced environmental 

impact; however, a detailed assessment of these and other 

properties is the subject of the current and future work.

Meanwhile, further tribological research is required in 

order to understand how the lubrication performance of 

orthoborate ILs is related to their chemical structure and 

interaction with the base lubricant. For lubricating greases, 

studies have so far been limited to halogenated ILs [31–40] 

or cases where ILs are used to synthesize thickener-free 

“ionic grease lubricants” [41]. In the former case, reduc-

tions in friction [31–33, 35, 36, 38, 40] and wear [31–35, 37, 

38, 40] are well documented, typically for IL concentrations 

of 1–5 wt%.

Focusing on phosphonium ILs, the present study aims 

to further the understanding of IL performance in lubricat-

ing greases. In particular, we are comparing grease blends 

based on polypropylene (PP) and lithium-complex (LiX) 

base greases. While LiX grease is the industry standard for 

lubricating grease, PP has only caught the attention of the 

research community in the mid-1990s [42]. So far, stud-

ies have shown promising tribological performance for this 

grease type [43–46], which is of interest due to its non-polar 

thickener, good film-forming properties [47], comparatively 

high oil bleed rate at low temperatures, and compatibility 

with common grease additives [48].

We present a comparison of the friction and wear per-

formance of IL-containing LiX and PP grease blends. Four 

non-halogenated ILs are studied as candidate additives, and 

the influence of anion type and IL content is assessed in 

initial screening tests. Variations of temperature and slide-

to-roll ratio (SRR) are then performed for two selected ILs. 

Finally, scanning electron microscopy (SEM) and energy-

dispersive X-ray (EDX) spectroscopy are used to analyze 

the worn surfaces.

2  Materials and Methods

2.1  Grease Blends

Four ILs with trihexyl(tetradecyl)phosphonium cation were 

blended with PP and LiX greases in IL concentrations of 2, 

5, and 10 wt%. To synthesize the grease blends, greases and 

ILs were mixed in a Flacktek Speedmixer DAC 600.1 FVZ. 

Each sample was mixed at 1 400 rpm during two cycles 

of 5 min. In between the cycles, the grease was carefully 

scraped from the side of the container in order to guarantee 

a homogeneous sample. Table 1 gives an overview of base 

grease properties; the chemical structures of the ILs are sum-

marized in Table 2.

To increase polarity and thereby facilitate the saponifica-

tion reaction, a polar base oil component (adipate ester) was 

added to the LiX base oil blend. This is standard procedure 

in industrial grease manufacturing when non-polar base oils, 

such as PAO, are used. The presence of a polar component 

facilitates a rapid and complete reaction, ensuring that the 

Table 1  Base grease properties

Designation Thickener type Thickener content 

[wt%]

Base oil composition [wt%] Base oil viscosity [cSt] NLGI grade

40 °C 100 °C

PP Polypropylene 12.5 93.7 PAO + 6.3 adipate ester 61.6 9.7 2

LiX Lithium-complex soap 20.6 63.5 9.8

Table 2  Ionic liquids with trihexyl(tetradecyl)phosphonium cation

[P6,6,6,14][BMB] [P6,6,6,14][BOB] [P6,6,6,14][BMPP] [P6,6,6,14][DCA]

Anion bis(mandelato)borate bis(oxalato)borate bis-2,4,4-(trimethylpentyl)phosphinate Dicyanamide

Synthesis See Ref. [27] See Ref. [27] From Cytec From Cytec

Structure cation Structure anion
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soap concentration in the final grease blend is not too high. 

While there is no technical reason to add adipate ester to PP 

grease, identical base oils were used for both base grease 

types in order to limit the number of experimental variables. 

Moreover, it is possible that the adipate ester improves IL 

solubility, and the effect is expected to be similar for both 

grease types.

A high pressure differential scanning calorimeter of type 

Mettler-Toledo HP DSC1 was used to determine oxidation 

onset temperature of the LiX grease and its blends with 

 [P6,6,6,14][BMB] and  [P6,6,6,14][BOB]. The measurements 

were carried out in pure oxygen at 3.8 MPa pressure. The 

procedure followed the standard ASTM E2009-08(1014) 

with the exception of not using an oxygen flow through the 

test cell and the sample. The sample amount was 0.1–0.2 mg.

2.2  Grease Rheology

Rheological properties of LiX and PP grease were measured 

on an Anton Paar MCR 301 rheometer with a plate–plate 

setup and a Peltier-type heating element. To measure the 

complex viscosity, the temperature was gradually increased 

(20–140 °C, 3 °C/min) while a constant strain (0.1%) was 

applied to the sample, using a plate with a diameter of 

25 mm and a gap height of 1 mm. The strain value was 

chosen so that tests were performed in the linear viscoelastic 

(LVE) region. Prior to testing, a relaxation time of 5 min at 

20 °C was allowed for, and measurements were carried out 

at an angular frequency of 10 rad/s. To determine the yield 

stress and flow point, strain sweep measurements were car-

ried out at an angular frequency of 10 rad/s and temperatures 

of 25, 40, 90, and 130 °C. To minimize wall slip effects at 

higher temperatures, tests were performed with a serrated 

plate (diameter 50 mm). Grease was loaded at 20 °C and 

the gap height set to 1 mm. Afterwards, the temperature was 

increased at a rate of 3 °C/min while the grease sample was 

at rest, and tests were started 10 min after a set temperature 

value was reached. The strain was then increased from 0.01 

to 1000%.

2.3  Pin‑On‑Disk Experiments

To assess the performance of the grease blends, pin-on-

disk (POD) experiments were performed using a Mini 

Traction Machine (MTM) of type MTM2 by PCS Instru-

ments. The test conditions for all experiments are sum-

marized in Table 3.

The first series of experiments (POD RT) was carried 

out at room temperature (RT) with IL concentrations of 2 

and 5 wt%. Here, the aim was to screen the friction and 

wear performance of different grease blends and to estab-

lish a reference for tests at elevated temperatures.

Based on the initial screening results, two ILs were then 

selected for further testing. In test series POD 90, the tem-

perature was increased to 90 °C, and grease blends with 

10 wt% IL concentration were added to the test matrix.

Finally, test series POD 130 was designed to provide 

first insights into the tribological performance at high tem-

peratures (130 °C). Based on findings from series POD 

RT and POD 90, tests were limited to IL concentrations 

of 2 wt%.

In all experiments, commercially available AISI 52100 

steel balls (diameter 6 mm, quality grade G20 accord-

ing to ISO 3290 [49], hardness ≥ 62 HRC, roughness 

Ra ≤ 0.032 μm) and steel bearing washers (hardness ≥ 62 

HRC, roughness Ra= 0.1 μm) were used as pins and disks, 

respectively. Before testing, specimens were cleaned with 

acetone in an ultrasonic bath for half an hour, rinsed with 

2-propanol, and dried in ambient air. Afterwards, about 

0.3 g of grease was applied to the disk.

During the tests, the friction coefficient was recorded 

with a frequency of 1 Hz; a grease scoop made from pol-

ytetrafluoroethylene was used to prevent starvation of the 

contact track.

2.4  Wear Measurements and Surface Analysis

After the pin-on-disk experiments, the wear scar diameters 

on the pins were measured in two perpendicular directions 

using an optical microscope of type MM-60 manufactured 

Table 3  Test conditions for pin-on-disk (POD) and ball-on-disk (SRR) experiments with entrainment speed v, slide-to-roll ratio SRR, sliding dis-

tance s, mean Hertzian contact pressure pmean, ambient temperature θ, IL mass fraction wIL, and minimum number of repetitions n 

Series v [m s 1] S RR [%] s [km] pmean [GPa] [ C] ILs Base Grease wIL [wt%] n

[P6,6,6,14][BMB]

POD RT

POD 90
0.2

200 1.5 1.0

RT
[P6,6,6,14][BOB]

[P6,6,6,14][BMPP]

[P6,6,6,14][DCA]
LiX

90 PP

0, 2, 5

4

0, 2, 5, 10

POD 130 130

SRR RT
0-195 - 0.9

RT

SRR 90 90

[P6,6,6,14][BOB]

[P6,6,6,14][BMB]

0, 2

0, 2, 10 3
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by Nikon. The average of both measurements was used 

for further analysis. For selected pins, the topography and 

elemental composition of the worn surfaces were analyzed 

using SEM and EDX (accelerating voltage 15 keV) on a 

Hitachi S-3700 N with a Bruker Quantax EDS system and 

XFlash 4010 detector.

2.5  Data Analysis

On completion of the pin-on-disk experiments, more than 

170 friction curves and mean wear scar diameters were 

obtained. To present this data set in an accessible way, three 

average friction coefficients were calculated for each fric-

tion curve, based on the sliding distance ranges of 0–500 m, 

500–1 000 m, and 1 000–1 500 m. The average friction coef-

ficients were then summarized in a scatter diagram where 

error bars indicate the standard deviation of the friction coef-

ficient within each sliding distance range. Since wear meas-

urements were only performed at the end of the experiment, 

the average wear scar diameters are presented without any 

further modification. Instrument output data were processed 

using MTM-specific import routines of the Python Tribol-

ogy Package [50].

2.6  Ball‑On‑Disk Experiments

To evaluate the traction performance in mixed sliding-roll-

ing conditions, ball-on-disk experiments were carried out. 

Tests were performed using the MTM2 test rig mentioned 

above. Here, the entrainment speed v between ball and disk 

was kept constant while the slide-to-roll ratio was varied 

between 0 and 195% in steps of 5%, starting at low SRR 

values. For each step, the steady-state traction coefficient 

was measured for the case of vball > vdisk and vball < vdisk and 

averaged afterwards.

Experiments were carried out at room temperature and 

90 °C for two selected ILs (again, based on the results of 

test series POD RT). Within the limitations of the test rig 

capabilities, the experimental conditions follow those of the 

pin-on-disk experiments; a complete overview is given in 

Table 3.

Steel bearing washers were used as disks (properties see 

Sect. 2.3); the properties of the AISI 52100 ball specimens 

(diameter 19.05 mm) are comparable to those of the pins 

(hardness ≥ 62.5 HRC, Ra < 0.02 μm). The cleaning proce-

dure, grease amount, and grease scoop setup follow that of 

the pin-on-disk experiments. To ensure even grease distribu-

tion at the beginning of the experiment, the disk was rotated 

for at least 1 min with a tangential velocity of 0.2 m/s before 

the ball was brought into contact. For each test, a new set of 

ball and disk specimens was used. Wear was not quantifiable 

due to the short run time.

3  Results

3.1  Grease Rheology

Although both greases have the same NLGI grade, the com-

plex viscosity of PP is significantly lower than that of LiX 

(see Fig. 1). As temperature increases, the relative change 

in complex viscosity is comparable for both grease types.

To quantify the flow behavior in more detail, Fig. 1 also 

shows the flow transition index (FTI), which is defined as the 

ratio between the stress in the flowpoint (storage modulus is 

equal to loss modulus, G′ = G″) and the yield stress.

Simply speaking, the closer the value of the flow transi-

tion index is to 1, the more immediate the transition from 

elastic behavior to plastic flow, i.e., for a grease with FTI = 1, 

the sample will start to flow immediately as soon as it is 

deformed.

As can be seen, FTI is well correlated with the com-

plex viscosity for both grease types up to 90 °C, decreas-

ing logarithmically as temperature increases. Yet, for PP 

grease a sudden drop in FTI can be observed between 90 

and 130 °C, reaching an FTI of 1.0 at 130 °C, thus indicating 

a significantly reduced resistance to deformation at higher 

temperatures.

3.2  Pin‑on‑Disk at Room Temperature

The friction and wear results for test series POD RT are 

summarized in Figs. 2 and 3 (left panels). For LiX and 

PP base greases, the steady-state friction coefficient sta-

bilizes in the range of 0.09–0.12 (LiX) and 0.11–0.13 

(PP) towards the end of all experiments. Thus, on aver-

age, lower friction is observed for LiX grease. In terms 

of wear, experiments with PP grease are more repeatable, 

Fig. 1  Complex viscosity and flow transition index of LiX (filled cir-

cle) and PP (open circle) greases as a function of temperature
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yet the average wear scar diameter is comparable for both 

base grease types. Finally, no correlation between friction 

and wear is found.

Adding  [P6,6,6,14][BMPP] to LiX and PP base grease, 

friction remains unchanged; however, on average, wear 

increases by about 80–100 μm for both grease types and is 

independent of additive concentration. Similar to the neat 

base greases, the wear results are more consistent for PP.

An increase in wear scar diameter is also found when 

 [P6,6,6,14][DCA] is added to PP and LiX base grease. The 

Fig. 2  Friction (left) and wear (right) results of pin-on-disk test series 

POD RT for  [P6,6,6,14][DCA] and  [P6,6,6,14][BMPP] additives. For the 

friction plots, each data point represents the average friction coeffi-

cient within a sliding distance range of either 0–500 m, 500–1 000 m, 

or 1 000–1 500 m (from left to right for each group). The error bars 

indicate the standard deviation of the friction coefficient within the 

distance range. Within each group, darker colors indicate higher IL 

concentrations (dark → 5 wt%, light → 2 wt%). For the wear results, 

each data point represents the mean wear scar diameter on the pin, 

measured after 1.5 km of sliding. Comparing friction and wear data, 

points with the same marker symbol belong to the same test run. The 

horizontal line is provided to guide the eye

Fig. 3  Friction (top) and wear (bottom) results of pin-on-disk test 

series POD RT, POD 90, and POD 130 for  [P6,6,6,14][BMB] and 

 [P6,6,6,14][BOB] in the same manner as Fig. 2. The data for the neat 

base greases are identical to that shown in Fig. 2. Within each group, 

darker colors indicate higher IL concentrations (dark → 10 wt%, 

medium → 5 wt %, light → 2 wt%)
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increase is more pronounced for PP grease; however, so is 

the reduction in friction that comes with it, reaching friction 

coefficients as low as 0.05. Here, the results may indicate a 

dependence on additive concentration—lower friction coeffi-

cients for higher IL concentrations—, but poor repeatability 

means that the data ultimately remain inconclusive.

When  [P6,6,6,14][BOB] is added to PP base grease, friction 

decreases by about 10–20% (Fig. 3, top left panel). On aver-

age, the wear scar diameter remains unchanged with respect 

to the base grease, and neither friction nor wear shows any 

dependence on additive concentration (Fig. 3, bottom left 

panel). Similar trends are found for LiX base grease: the 

reduction in friction with respect to the base grease is small, 

and both friction and wear are independent of the additive 

concentration.

In contrast, the results for  [P6,6,6,14][BMB] may indicate a 

weak dependence on additive concentration: For LiX grease, 

wear is found to be consistently lower for higher IL concen-

trations. At the same time, friction remains unchanged with 

respect to the base grease, indicating that, at room tempera-

ture,  [P6,6,6,14][BMB] may have good anti-wear properties 

in combination with LiX grease. For PP grease, the average 

reduction in wear—though visible—is less pronounced, and 

no dependence on additive concentration is observed.

In summary, it is found that friction may reduce by 60% 

when  [P6,6,6,14][DCA] additives are added to PP and LiX 

base grease in concentrations of 2 and 5 wt%; however, 

this reduction in friction comes at an almost equal increase 

in wear scar diameter. A similar increase is also observed 

for  [P6,6,6,14][BMPP], yet without a repeatable decrease in 

friction. Wear remains unchanged for  [P6,6,6,14][BOB], and 

 [P6,6,6,14][BMB] shows potential to reduce wear for both base 

grease types. Thus, the latter two ILs were selected for fur-

ther pin-on-disk and rolling-sliding experiments.

3.3  Pin‑on‑Disk at 90 °C

The friction and wear results for test series POD 90 are sum-

marized in Fig. 3 (center panels). For both base greases, 

increasing the ambient temperature to 90 °C leads to an 

increase in friction and wear. Again, measurements for 

PP grease show better repeatability, and larger scatter is 

observed for LiX.

When adding  [P6,6,6,14][BOB] and  [P6,6,6,14][BMB] addi-

tives to PP base grease, friction reduces by 10-20%, similar 

to the results at room temperature. No correlation between 

additive concentration and friction coefficient is found for 

additive concentrations of 2 and 5 wt%. For concentrations 

of 10 wt%, however, both friction and wear are found to 

be consistently at the lower end of the spectrum. While 

the absolute reduction in friction is small here, the wear 

scar diameters are significantly reduced with respect to the 

neat base grease. Thus, at 90 °C, adding  [P6,6,6,14][BOB] 

and  [P6,6,6,14][BMB] additives to PP base grease effec-

tively offsets the effects of increased temperature on wear 

performance.

For LiX grease, the interpretation of the friction results is 

more ambiguous since large scatter occurred, especially in 

the case of  [P6,6,6,14][BMB]. Here, unstable friction behavior 

is observed for experiments with various additive concen-

trations, and no clear correlation between IL concentration 

and friction coefficient is found. While more stable, friction 

measurements for  [P6,6,6,14][BOB] in LiX show a similar 

trend, with minor reductions in friction and no correlation 

between IL concentration and friction performance. On aver-

age, the wear scar diameters are slightly reduced compared 

to the neat base grease, yet the effect is less pronounced than 

for PP grease.

3.4  Pin‑on‑Disk at 130 °C

To get insights into the friction and wear performance at 

even higher temperatures, test series POD 130 was carried 

out at 130 °C. The friction and wear results are summarized 

in Fig. 3 (right panels).

While the friction performance of the base greases is 

comparable to that for tests at room temperature and 90 °C, 

an increase in wear is found, in particular for LiX grease. 

Here, the average size of the wear scar diameter is doubled 

with respect to the room temperature tests, and significantly 

larger than at 90 °C.

In contrast to the results at lower temperatures, the 

addition of 2 wt%  [P6,6,6,14][BMB] leads to a pronounced 

reduction in friction for both grease types. While repeat-

ability is poor, average friction coefficients as low as 0.04 

are observed for PP base grease. For LiX, the reduction in 

friction is—on average—of comparable magnitude. Thus, 

at 130 °C,  [P6,6,6,14][BMB] shows a clear potential to reduce 

friction for both base grease types. Also, on closer inspec-

tion, it can be seen that friction and wear are reversely—if 

weakly—correlated for  [P6,6,6,14][BMB] and PP base grease, 

which means that low friction comes at the cost of increased 

wear. More experiments would be required to study this cor-

relation in more detail.

Finally, the addition of  [P6,6,6,14][BOB] additives has lit-

tle effect on friction, but wear is significantly reduced. For 

both base grease types, wear is observed to drop to room 

temperature levels, which corresponds to an average wear 

reduction of 50% for LiX.

In conclusion, it is found that, at 130 °C, low concentra-

tions of  [P6,6,6,14][BMB] can lead to significant reductions 

in friction for both base grease types; in contrast,  [P6,6,6,14]

[BOB] performs well as an anti-wear additive.
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3.5  SEM and EDX Analysis

Following the pin-on-disk experiments, SEM/EDX analy-

sis was carried out for two selected pin samples from test 

series POD 130. Since similar friction and wear performance 

is observed independent of base grease type—a reduction 

in friction for  [P6,6,6,14][BMB], and a reduction in wear for 

 [P6,6,6,14][BOB]—, both pin specimens were selected from 

experiments with PP grease [see marker type square (filled 

square) in Fig. 3, 130 °C, data for PP grease].

Figure 4 shows SEM wear scar images of the two pin 

specimens, based on secondary electron collection. For 

 [P6,6,6,14][BMB] (top), the wear scar image shows no distinct 

surface features, except for the evenly distributed scratch 

marks that run horizontally over the contact region.

For  [P6,6,6,14][BOB], however, large parts of the wear scar 

surface appear darker than the reference area outside of the 

wear scar. Images from optical microscopy confirm that sim-

ilar surface features are present on all pin specimens from 

this test series (both LiX and PP) if  [P6,6,6,14][BOB] was used 

as an additive—with the exception of a single experiment 

with PP grease that produced a relatively large mean wear 

scar diameter of 425 μm [see marker type dot (filled circle) 

in Fig. 3, 130 °C]. Thus, a clear correlation is found between 

the appearance of dark surface features and a reduction in 

wear.

As shown in Table 4, EDX spectra recorded in differ-

ent regions of the worn surface (see Fig. 4, bottom) reveal 

increased levels of oxygen inside the darker areas; yet, 

except for typical alloying elements of AISI 52100 steel, no 

other elements are present in significant quantities. In par-

ticular, the EDX analysis does not show signs of tribofilms 

containing boron compounds, which were clearly detected 

in other tests with  [P6,6,6,14][BMB] [29].

3.6  Traction Tests at Room Temperature

The results of test series SRR RT are summarized in Fig. 5 

(left panels) for LiX (top) and PP (bottom) base grease. For 

both grease types, the data show a steady increase in traction 

with increasing SRR values, approaching a sliding friction 

coefficient of 0.1. This is in agreement with the results from 

the pin-on-disk tests at room temperature (see Fig. 3, left).

For LiX grease, adding 10 wt%  [P6,6,6,14][BOB] leads 

to a significant and repeatable reduction in traction over 

the entire SRR range. However, when the concentration 

is reduced to 2 wt%, repeatability is poor and the trac-

tion performance is indistinguishable from that of the base 

grease. Thus, traction is found to be dependent on additive 

concentration for LiX grease and  [P6,6,6,14][BOB]. For PP 

grease, however, neither concentration of  [P6,6,6,14][BOB] 

has a traction-reducing effect. In fact, an increase in trac-

tion may have been observed here in the central part of 

the SRR range.

Adding 10 wt% of  [P6,6,6,14][BMB] has no discernible 

effect on traction for both base grease types. While a slight 

reduction may have been observed for LiX grease, the differ-

ence (compared to the neat base grease) is ultimately within 

the precision limit of the measurement approach. Again, a 

reduction in concentration to 2 wt% may lead to an increase 

in traction for PP grease within the central SRR range.

Fig. 4  SEM image of typical wear scar obtained after pin-on-disk 

experiments with 2 wt%  [P6,6,6,14][BMB] (top) and  [P6,6,6,14][BOB] 

(bottom) in PP grease at 130  °C. The pin specimens belong to the 

experiments with marker type square (filled square) in Fig. 3 (right)

Table 4  Absolute elemental 

composition in wt% as obtained 

in areas A and B of the wear 

scar shown in Fig. 4

Element Area A Area B

Oxygen 3.97 n/a

Silicon 0.28 0.34

Chromium 1.36 1.41

Iron 88.62 92.98

Phosphorus 0.02 0.02

Manganese 0.56 0.61
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3.7  Traction Tests at 90 °C

Increasing the temperature to 90 °C, the traction perfor-

mance of neat LiX base grease remains unchanged within 

the repeatability of the experiment (Fig. 5, top right panel). 

For PP grease, a reduction in traction of about 15% is found 

for all SRR values (Fig. 5, bottom right panel).

Adding 10 wt% of  [P6,6,6,14][BOB] to LiX grease leads to 

a significant and repeatable reduction in traction, especially 

at lower SRR, which is in agreement with the room tem-

perature tests. The same can be said for 10 wt% of  [P6,6,6,14]

[BMB] in LiX base grease, although the effect appears to 

be less pronounced here. For lower concentrations of either 

IL, the results may indicate a slight reduction in traction for 

higher SRR values.

For PP grease, no IL type is found to have a significant 

impact on traction performance at 90 °C, irrespective of 

additive concentration.

4  Discussion

For the grease systems investigated above,  [P6,6,6,14][BMPP] 

shows little potential for friction and wear reduction. Yet, 

promising tribological behavior was found for this IL in 

other studies on the nano- and macro-scale, including a 

reduction in sliding friction for steel and titanium tribopairs 

[51–53]. The poor wear performance observed in our experi-

ments is also not well documented in the literature, where 

 [P6,6,6,14][BMPP] was previously found to decrease rather 

than increase wear [51, 52]. Thus, our experiments indicate 

that results previously obtained for neat  [P6,6,6,14][BMPP] 

may not be easily transferable to more complex tribosys-

tems. Given the small sample size and parameter range of 

our experiments, further tests are required for a more general 

verdict on the tribological performance of this particular 

grease additive.

Fig. 5  Traction as a function of slide-to-roll ratio for LiX (top) 

and PP (bottom) grease with 2 and 10 wt% of  [P6,6,6,14][BOB] and 

 [P6,6,6,14][BMB]. Room temperature experiments are shown on the 

left; experiments at 90  °C on the right. Each curve represents the 

average of at least three test runs; the error bars indicate the standard 

deviation within the test runs. For readability, error bars are only plot-

ted for selected SRR values
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Our findings for  [P6,6,6,14][DCA] are equally limited in 

generalizability; nevertheless, for the grease systems studied 

here, the observed increase in wear limits the range of poten-

tial use cases—despite the outstanding friction performance 

in combination with PP grease at room temperature. Since 

this IL has not yet been widely used as a candidate additive 

in the nano- and macro-tribological community—let alone 

in the relatively small sub-discipline of IL grease research—, 

we cannot draw on a large number of published findings for 

comparison. However, as [DCA] anions with other types of 

cations have partially shown promising friction [54–57] and 

wear [58] performance in other studies, a change in cation 

may be a promising way forward here. That being said, care 

should be taken as ILs with [DCA] anions may produce 

highly toxic compounds such as hydrogen cyanide during 

decomposition [59].

Looking at the orthoborate ILs selected for the second 

stage of testing,  [P6,6,6,14][BOB] shows high potential to 

reduce wear under severe sliding conditions. For this IL, the 

wear scar diameters are found to remain at room temperature 

levels for a wide range of temperatures. SEM/EDX analysis 

of selected pin specimens shows tribofilm formation; their 

appearance correlates well with low wear. Thus, we sug-

gest that these films protect the steel surfaces from excessive 

wear under severe sliding conditions. The mechano-chem-

ical processes that lead to the formation of the tribofilms, 

however, are currently not completely understood and sub-

ject of ongoing, more fundamental research in our group.

In contrast, no tribofilms were detected for grease blends 

with  [P6,6,6,14][BMB] additives, which indicates that physi-

cal adsorption processes rather than chemical reactions may 

play a dominant role in the reduction in friction observed in 

the POD experiments. A thermogravimetric analysis shows 

that  [P6,6,6,14][BMB] is more thermally stable than  [P6,6,6,14]

[BOB]; in addition, the [BMB] anions have a stronger 

potential to interact electrostatically with a tribo-charged 

surface, facilitating the formation of low shear boundary 

films enriched in cations. While a detailed assessment of 

the friction reduction mechanism for  [P6,6,6,14][BMB] is part 

of ongoing work, it requires a simplified lubricant system 

in order to—for now—bracket off the complex interaction 

between base oil, thickener, IL, and steel surfaces.

Looking at the above results from a more application-

oriented perspective, though, it can be concluded that, under 

rolling-sliding conditions, base grease type and IL concen-

tration are deciding factors for the experimental outcome: 

high concentrations of  [P6,6,6,14][BOB] facilitate a reduction 

in traction, but only for LiX base grease. At elevated temper-

atures, a reduction in traction is found for both orthoborate 

ILs at 10 wt% concentration—again, only for LiX.

To explain these observations, it is worth noting that the 

test conditions of the SRR tests are less severe compared 

to those of the POD tests. Firstly, the test duration is much 

shorter, leaving little time for surface and grease degradation 

processes to take place, let alone tribo-chemical reactions. 

Secondly, due to the high levels of rolling at lower slide-to-

roll ratios, the accumulated friction energy input is greatly 

reduced compared to the rather severe sliding tests. Thus, 

differences in lubricant performance are likely caused by 

the physical interaction between additive, thickener and steel 

surface, rather than the mechano-chemical processes that are 

typically associated with the formation of solid tribofilms.

In previous ball-on-disc experiments with PP and LiX 

greases, it was found that PP grease forms significantly 

thicker lubricating films at low to moderate speeds (and 

temperatures) compared to LiX grease [47], despite its 

nominally lower complex viscosity. This was attributed to 

lumps of PP thickener increasing the local film thickness by 

purely mechanical means. Hence, in our case, the inherent 

film-forming properties of PP grease may overshadow ion 

adsorption processes which occur on much smaller scales—

and constitute one of the fundamental mechanisms of fric-

tion and wear reduction in IL-lubricated contacts [19, 22].

This is in agreement with the fact that the traction-reduc-

ing effect of  [P6,6,6,14][BOB] in LiX grease becomes more 

pronounced as temperature increases, which can likely be 

attributed to a temperature-induced change in oil bleed 

behavior and IL solubility, as well as a reduction in base 

grease film-forming capabilities [47]. As a result, the inher-

ent film-forming properties of LiX are reduced to a point 

where IL adsorption becomes relevant. Following this line 

of thought for the case of PP grease, a further increase in 

temperature to 130 °C—though hardly relevant from an 

application point of view—may lead to a more visible addi-

tive expression in the SRR tests.

Moreover, the SRR experiments show that the additive 

expression is most pronounced at low-to-medium slide-to-

roll ratios: the more the conditions approach pure sliding, 

the less important the lubricant composition. One reading 

of these results is that the film-forming abilities of the two 

base greases become more similar at higher levels of slid-

ing—assuming that no degradation and aging processes have 

occurred yet.

This hypothesis finds support in the POD experiments, 

where friction and wear performance are similar for both 

grease types and additive concentrations during the first 

500 m of sliding. The tests with  [P6,6,6,14][BMB] clearly 

show that the additive expression only becomes pronounced 

in later stages of the experiments—although the friction-

reducing effect does not seem to stem from the progressive 

(and potentially slow) build-up of chemical reaction films.1 

Thus, we suggest that grease degradation processes play a 

vital role in the POD tests. Similar to the loss in film-forming 

1 In case of  [P6,6,6,14][BOB], it is unclear at what stage of the experi-

ment tribofilm formation starts to occur.
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abilities described above, grease degradation may be accel-

erated at elevated temperatures, giving better surface access 

to the ILs as sliding distance increases.

Previous studies have investigated the effect of aging and 

metal debris on grease performance [60, 61]. Here, it was 

found that when LiX grease is thermally stressed and metal 

debris enters the grease, samples show structural changes 

(due to oxidation) that cause a decrease in oil release and a 

loss of ability to replenish the contact. The resulting thick-

ening of the grease then sets off a self-enhancing cycle of 

increasing wear as more metal debris enters the grease, fur-

ther accelerating the aging process.

The catalytic effect of metal debris also increases the 

thickener degradation rate for PP grease, effectively increas-

ing the complex viscosity [60]. However, in contrast to LiX 

grease, the resulting increase in friction (and therefore tem-

perature) will then cause local melting of the polypropylene 

thickener and essentially liquefy the grease, thereby replen-

ishing the contact and reducing the temperature.

Thus, while LiX grease enters into a thermal runaway 

reaction at its end of life, PP grease continues to replenish 

the contact through a self-regulating cycle of heating and 

cooling before the lubricant finally becomes too thick for 

efficient lubrication [60].

Since an increase in temperature will accelerate the 

above processes, we suggest that the increase in wear for 

LiX grease at 130 °C indicates an imminent lubrication fail-

ure due to thickening of the grease. As a result, the integ-

rity of the tribological contact increasingly relies on the IL 

additives, which not only help to reduce friction  ([P6,6,6,14]

[BMB]) and wear  ([P6,6,6,14][BOB]), but may also retard 

oxidation (as shown in Fig. 6). Similarly, additive expres-

sion at 130 °C may become more pronounced in case of PP 

grease as liquefaction processes increase additive solubility 

and general access to the surface.

5  Conclusions

Pin-on-disk and ball-on-disk experiments were carried out 

for PP and LiX grease blends containing non-halogenated 

phosphonium ILs at concentrations of 2–10 wt%. Generally, 

the performance limits of the greases can be significantly 

extended by adding ILs. In particular, we find the following:

• In pin-on-disk tests,  [P6,6,6,14][BOB] reduces wear over 

a wide temperature range compared to the neat base 

greases, while sliding friction is slightly reduced. The 

reduction in wear scar diameter is especially large—up 

to 50%—for LiX grease at 130 °C. The decrease in wear 

correlates with the appearance of oxygen-rich surface 

features on the worn surfaces. At room temperature, add-

ing 2 and 5 wt% of  [P6,6,6,14][BOB] to LiX and PP base 

greases has only minor effects on the friction and wear 

performance. No clear correlation between IL additive 

concentration and tribological performance is found.

• In ball-on-disk tests, adding 10 wt% of  [P6,6,6,14][BOB] 

to LiX grease reduces traction by up to 40% over a wide 

range of slide-to-roll ratios. This reduction does not 

occur for PP grease.

• For greases containing  [P6,6,6,14][BMB], an increase in 

temperature leads to a reduction in sliding friction of up 

to 60%, while wear is of the same order of magnitude as 

for the neat base grease. Only a minor influence on the 

friction and wear performance of LiX and PP greases is 

observed when adding 2 and 5 wt% of  [P6,6,6,14][BMB] 

to greases at room temperature.

• [P6,6,6,14][BMB] reduces traction in rolling-sliding condi-

tions over a wide range of slide-to-roll ratios. This reduc-

tion occurs at 90 °C and, similar to  [P6,6,6,14][BOB], is 

observed for LiX-based greases only.

• [P6,6,6,14][DCA] additive reduces sliding friction for both 

base grease types at room temperature but also shows 

increased wear.

• [P6,6,6,14][BMPP] additive causes increased wear, but 

does not reduce friction in sliding contacts at room tem-

perature.
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