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Abstract: The rheological characteristics of one mineral oil and two ionic liquid (IL)
based lubricating greases were explored as a function of thickener concentration. The ILs
used are 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ([BMIM][TFSI]) and
trihexyltetradecylphosphonium bis(trifluoromethylsulfonyl)imide ([P6,6,6,14][TFSI]), with polytetra-
fluoroethylene (PTFE) particles used as thickeners. Greases with different base liquid concentrations
(60–80 wt %) were investigated using small-amplitude oscillatory shear and viscous flow
measurements, and contact angle measurements probed adhesion at base liquid–PTFE interfaces.
Rheological properties are influenced by base liquid–PTFE adhesion and the chemical structure of
the grease base liquids. With the addition of thickener, the greases generally have higher elasticity,
strain resistance, and frequency independent properties. Viscometric rheological tests illustrate
non-Newtonian shear-thinning behaviour for all greases. [BMIM][TFSI] based greases show the most
elastic properties and strain resistance, as well as the highest initial and lowest final viscosities of the
greases tested.
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1. Introduction

Lubricating greases are multiphase systems composed of two main components: base liquids and
thickeners. The base liquid, generally either a mineral or synthetic oil, acts as the lubricating substance
that is bled from the grease structure. The thickener is either an emulsifying soap (e.g., lithium
hydroxystearate) or powdered solid (e.g., polytetra-fluoroethylene (PTFE) particles) which acts to
produce the semi-solid behavior of the grease. Grease thickeners form a three-dimensional gelation
network (microstructure) which traps the oil and confers the appropriate rheological and tribological
behavior to the grease [1]. Additives are frequently included to improve properties such as thermal or
evaporative stability.

Viscoelasticity is the simultaneous presentation of both solid and liquid properties. It is a common
characteristic that can be obtained by rheological measurements; however, this property becomes
particularly prominent when assessing colloidal systems, including grease. The two main values used
to describe viscoelasticity are the storage (G’) and loss (G”) moduli, which relate to the material’s
ability to store and dissipate energy, respectively. In a measurement, the storage modulus is often used
as a measure of a material’s elasticity, whilst the loss modulus is used to describe the viscous behavior.

The viscoelastic behavior of a grease is tuned by altering the thickener concentration, and thus the
gelation network of the grease. Greases with high gelation levels have high resistance to flow, while
still readily shear thinning at designated shear rate or stress. Yeong et al. [2] investigated the rheology
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of lithium 12-hydroxystearate dispersions in mineral oil. At low thickener concentrations, the gelation
network is not sufficiently developed to respond elastically over the frequencies tested. Increasing
the thickener content to 6 wt % increases gelation which resists the constant angular deformation
from long to short time steps. At higher thickener concentrations (10–14 wt %), the grease resists
deformation over the entire range of time steps and is almost independent of the oscillating strain
frequency. This demonstrates the thickener concentration can be used to achieve an appropriate level
of gelation for the required application.

Ionic liquids (ILs) are salts with melting points below 100 ◦C. Low melting points are achieved
by making at least one of the ions large and asymmetric which weakens electrostatic interactions and
hinders packing into a crystal lattice [3].

Many ILs have properties which make them of high scientific interest, such as negligible
vapor pressure, non-flammability, excellent solvency, wide electrochemical window, and chemical
and thermal inertness [4,5]. For these reasons, ILs have been pursued as promising candidates
in many fields such as catalysis [6–8], organic synthesis [9–11], electrochemistry [12–14] and
spectroscopy [15–17].

There has been a surge of scientific interest in the application of ionic liquids as lubricants over
the last ten years. A variety of ILs have been investigated as pure lubricants and lubricant additives
at both macro- and nano-scales. For example, a commercially available IL, [BMIM][TFSI], has been
tribologically assessed as a pure lubricating oil [18]. Compared to commercial lubricating oils of similar
viscosities, this IL shows significantly improved friction coefficient and thermal stability. Studies
from our group and others have shown that [P6,6,6,14]+ cation based ILs are potential additives for
hydrocarbon base oils for a variety of surfaces [19–27]. As little as 2 mol% IL dissolved in a base oil
lubricates as effectively as the pure IL, and low concentration IL–oil mixtures are much more effective
lubricants than the pure base oil [20–22], or oils with traditional additives [22,28].

For greases, ILs are excellent base liquid candidates, as their unusual physical properties
can impart performance advantaged over traditional hydrocarbon oils. Only a few studies have
investigated the tribology of IL based greases; the results showed better friction reduction and
anti-wear properties than commercially available mineral oil based greases at both room and elevated
temperatures [29–32]. However, no rheological study has been taken on IL based lubricating greases, so
the viscoelasticity, deformation and flow properties under shear is unknown, which restricts translation
IL based lubricating greases to automotive applications, such as ball and journal bearings. In this
work, we investigate the rheology of two IL based lubricating greases, and contrast with a mineral
oil based grease. The chemical structures of the ILs used in this study are presented in Figure 1. The
[BMIM]+ and [P6,6,6,14]+ cations and the [TFSI] anion have been chosen due to their stable properties in
air and under shear [18,33–37]. As [BMIM]+ has more localized charges and shorter alkyl chains than
[P6,6,6,14]+, the effect of the chemical structure of the cation on grease rheology is revealed.
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2. Experimental

2.1. Materials

The mineral oil, acetone and 1 µm PTFE particles were purchased from Sigma-Aldrich (St. Louis,
MO, USA). [BMIM][TFSI] and [P6,6,6,14][TFSI] were purchased from IoLiTec (Heilbronn, Germany).

2.2. Methodology

2.2.1. Contact Angle

The contact angles of the mineral oil and the ILs on a PTFE surface were measured via sessile
drop test using an OCA10 tensiometer (Data Physics, Filderstadt , Germany). The contact angle of each
droplet was measured three times and two droplets for each base liquid were analyzed. The mean
values of the contact angles are listed in Table 1; the errors are within 10%.

Table 1. The contact angle and surface tension of mineral oil and the two ionic liquids.

Base Liquid Contact Angle (◦) Surface Tension (mN/m)

Mineral Oil 27 26.1–29.3 [38]
[P6,6,6,14][TFSI] 50 30.9 [39]
[BMIM][TFSI] 83 32.9 [40]

2.2.2. Rheology

An AR G2 rheometer with attached peltier plate from TA Instruments was used to assess the
rheology of the greases. The geometry used was a 2◦ stainless steel cone with a diameter of 40 mm.

Greases were prepared at ratios of 60, 70 and 80 wt % pure base liquid to PTFE. These
concentrations were chosen as sufficiently “thick” greases form at these concentrations. Higher base oil
concentrations lead to thinner greases with lower critical strains and modulus values. This means that
tests would have to be performed at lower strain rates, increasing the experimental error. Further, the
interactions of the storage and loss moduli become less pronounced as the concentration decreases and
the materials become less viscoelastic. At lower base oil concentrations, the differences inherent in the
greases produced by each of the base oils become less pronounced as the majority of the grease is made
of the constant thickener rather than the base oil variable. Also, the greases become unrealistically
thick, approaching putties rather than a workable grease.

Acetone equivalent to half the mass of the PTFE thickener was added to aid dispersion. The
mixture was then homogenized via magnetic stirrer and the acetone was boiled out.

For the oscillatory strain sweep, the angular frequency was controlled at 10 s−1 over the sweep
from 0.01 to 100 strain %. For the oscillatory angular frequency sweep, the strain % was controlled at
0.10 from 1 to 400 rad·s−1. For the viscometric test, the shear rate was ramped from 0.001 to 1000 s−1.
All runs were conditioned at a shear rate of 100 s−1 for 60 s, followed by 300 s of equilibration time.
All runs were performed in triplicate, with replacement of the grease between each run. The errors are
within 10%; the data points in all plots are the average values.

3. Results and Discussion

3.1. Contact Angle

Sessile drop contact angle measurements were performed for the mineral oil and the two ILs on a
PTFE surface. The contact angles are listed in Table 1, as well as literature values for surface tension.

The contact angle of a liquid is generally proportional to its surface tension according to Young’s
equation when the solid surface tension and solid–liquid interfacial tension do not change significantly.
As expected, the trend of the experimentally obtained contact angle values (mineral oil < [P6,6,6,14][TFSI]
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< [BMIM][TFSI]) is in line with the surface tension values of the base liquids in literature (Mineral Oil
< [P6,6,6,14][TFSI] < [BMIM][TFSI]).

3.2. Rheological Testing

The viscoelasticity and deformation of the greases were explored by oscillatory rheological tests.
The storage (G’) and loss (G”) moduli as a function of strain are obtained, as presented in Figure 2.
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utilizing a PTFE thickener. Closed circles indicate storage modulus, whilst open circles indicate loss
modulus values.

3.2.1. Strain Sweep

A grease is capable of resisting small strains in an elastic fashion. All grease systems investigated
in this study show an initial resistance, which is a plateau of the storage modulus (G’) at low strain %
in Figure 2, referred to as the linear viscoelastic region (LVR). When the stress is higher than the yield
stress, the grease starts to bleed the base liquid, resulting in a dampened elastic response. The transition
point between these two regimes is labelled as the critical strain, which is the onset of a reduction in
the storage modulus with strain and the end of the LVR region. The ratio of the loss to storage moduli
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is described by the tan(δ) value and can be subjectively correlated to physical characteristics of the
grease such as fluidity and elasticity. Small tan(δ) (<1) means the grease is solid-like and large tan(δ)
(>1) means the grease is liquid-like. The intersection of the steeply decreasing storage modulus with
the loss modulus as strain increases is determined to be the point at which the grease microstructure
has broken down. Physically, this represents the transition from a solid-like to a liquid-like state [41].
The critical strain, the average tan(δ) in the LVR region and the moduli intersection for each of the
greases are presented in Table 2.

Table 2. Critical strain, average linear viscoelastic region (LVR) tan(δ) and storage loss moduli
intersection of each grease obtained from oscillatory strain sweep.

Base Liquid Base Liquid
Concentration (wt %)

Critical Strain
(Strain %)

Average LVR tan(δ)
(Dimensionless)

Moduli Intersection
(Strain %)

Mineral Oil
60 0.27 0.121 2.76
70 0.16 0.142 3.02
80 0.072 0.229 0.751

[BMIM] [TFSI]
60 0.85 0.179 13.4
70 0.66 0.269 4.40
80 0.21 0.334 1.37

[P6,6,6,14] [TFSI]
60 0.33 0.564 0.482
70 0.26 0.257 0.670
80 0.17 0.524 0.199

The storage and loss moduli values for all three greases strongly depend on base liquid
concentration. An increase in the base liquid wt % results in the reduction of both modulus values.
However, the extent of modulus reduction is significantly different for the three grease families. When
the concentration of mineral oil increases from 60 wt % to 80 wt %, both storage and loss moduli values
in the LVR region decrease by more than two orders of magnitude, whereas this drop for [BMIM][TFSI]
based greases is less than one order of magnitude, and for [P6,6,6,14][TFSI] is even less significant. Thus,
although at the low base liquid concentration of 60 wt %, mineral oil based grease shows highest
G’ and G”; it shows lowest moduli values at 80 wt %, which means mineral oil based grease is not
as stable as the two IL based greases at high base liquid concentrations. This does not follow the
contact angle and surface tension trends presented in Table 1, revealing the moduli values and their
dependence on base liquid concentration are likely influenced by base liquid properties other than
PTFE wetting properties.

All greases have tan(δ) values lower than 1 in LVR region (cf. Table 2) and can, thus, be described
as solid-like structures at rest. Mineral oil greases consistently demonstrate lowest tan(δ) values at
low strain %, followed by [BMIM][TFSI] and [P6,6,6,14][TFSI]. Decreasing base liquid wt % and thus
increasing thickener wt % corresponds to decreasing values of tan(δ). This indicates that increasing
thickener content produces a more extensive gelation network that is capable of exhibiting more
pronounced elastic properties [1].

The wetting properties of the base liquid with the particle thickeners, described in this study
using contact angles, were expected to be a major factor in both the solidity and stress resistance.
A base liquid with low contact angle on a PTFE surface has a high work of adhesion which is the
reversible work per unit area required to separate the liquid from the solid [42], thus the grease made
from this base liquid is expected to be more stable and have high shear resistance, including wider
LVR region and higher critical strain. However, the critical strain shown in Table 2 increases with
contact angle, which is opposite to what is expected. Further, there seems to be no direct correlation
between the linear viscoelastic region storage modulus, tan(δ) or moduli intersection presented in
Table 2 and the contact angle values shown in Table 1. These results suggest that besides simple
adhesions between base liquids and particles, other factors, such as base liquid chemical structure,
have on these viscoelastic properties.
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Greases with higher moduli intersection generally have a stronger microstructure [41]. Table 2
therefore indicates that [BMIM][TFSI] based greases have the strongest microstructure, followed by
mineral oil based greases, and [P6,6,6,14][TFSI] based greases the weakest microstructure. These results
are likely related to the structure and properties of the base liquids. The [BMIM] cation is relatively
small and stiff with a higher charge density when compared to [P6,6,6,14], which is large and the charge
is shielded by the long and branched alkyl chains. This leads to more ordered packing of [BMIM][TFSI]
than [P6,6,6,14][TFSI] on PTFE particles, as previously seen in other surfaces [20,43], which leads to a
more robust grease microstructure and increased resistance to strain. Mineral oil has lower interfacial
tension than [P6,6,6,14][TFSI], so more energy is required to separate the base liquid and the thickener
particles to break the microstructure. The fact that [BMIM][TFSI] shows better strain resistance than
mineral oil indicates that the interactions of PTFE particles with [BMIM]+ cations in [BMIM][TFSI] are
stronger than with alkane molecules in the mineral oils.

3.2.2. Angular Frequency Sweep

The storage and loss moduli as a function of angular frequency are shown in Figure 2. The angular
frequency sweeps were performed at a constant strain of 0.1%, beneath the critical strain, and therefore
within the LVR region for all greases.

As with the strain sweep data presented in Figure 2, the magnitude of the moduli in Figure 3
is strongly dependent on the base liquid concentration. For all greases tested, increasing the
thickener content results in an increase in both the storage and loss moduli. This is consistent
with previous observation that increased thickener content leads to more extensive gelation, and
a stronger microstructure.

The angular frequency sweeps in Figure 3 show that at low angular frequency G’ and G” run
parallel, with G’ dominating G” for mineral oil and [BMIM][TFSI] based greases. This parallel angular
frequency sweep represents an approximation of the LVR conditions at steady state, as low frequencies
correspond to longer time steps for constant angular deformation [44]. As frequency increases, greases
exhibiting strong microstructure will tend to continue the frequency independent parallel trend, as seen
for 60 wt % and 70 wt % data for [BMIM][TFSI] and mineral oil. When the base liquid concentration
increases to 80 wt %, the storage and loss moduli become similar at higher angular frequency for both
[BMIM][TFSI] and mineral oil, indicating a weaker grease microstructure. The time step decrease at
high angular frequency results in a departure from the steady state and causes weaker gel networks
to succumb to structural breakdown. This prompts an increase in the moduli, with G” affected more
significantly. The storage and loss moduli for all [P6,6,6,14][TFSI] based greases cross each other at an
angular frequency ~50 rad/s (Figure 3c). These results suggest that [BMIM][TFSI] and mineral oil have
a stronger microstructure than [P6,6,6,14][TFSI], at least when the base liquid is 60 wt % and 70 wt %,
which is in line with the strain sweep results.

3.2.3. Viscous Response to Shear

Greases are non-Newtonian fluids with pseudoplastic characteristics. The initial and final viscosity
data of the greases is presented in Table 3. At the initial state, the shear rate is very low, greases act
in a semi-solid manner, leading to high initial viscosities. As shear increases, the yield stress is
eventually exceeded. At this point, the microstructure begins to break apart. This releases, or ‘bleeds’,
the base liquid onto the interface causing the viscosity to reduce rapidly until a minimum viscosity
is reached [41]. This process is effectively showcased in Figure 4. All greases, excluding 60 wt %
[BMIM][TFSI], present high initial viscosity, with a sharp decrease as shear rate rises and a retarding
rate of decline at the maximum shear, indicative of a plateau in the region. As such, their minimum
viscosity is assumed to be their final viscosity.
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In Figure 4b, the 60 wt % [BMIM][TFSI] grease demonstrates a peculiar trend towards the end
of the run. Unlike the other samples, which tend to plateau by the end of the run, this grease began
deviating downwards from the expected trend at approximately 10 s−1. The final viscosity achieved by
this grease (1.05 × 10−3 Pa·s) is significantly less than the viscosity of the base liquid (50.6 × 10−3 Pa·s)
without thickener. This indicates that this IL shows a more significant shear thinning behavior than
other liquids tested, perhaps due differences in liquid nanostructure as seen in previous studies [45–47].

Table 3. Critical viscometric data for the greases studied.

Base Liquid Base Liquid
Viscosity (mPa·s)

Base Liquid
Concentration (wt %)

Initial Viscosity
103 (Pa·s)

Final Viscosity
10−3 (Pa·s)

Mineral Oil 15.0 [48]
60 24.3 227
70 11.2 251
80 2.09 86.7

[BMIM][TFSI] 50.6 [49]
60 103 1.05
70 43.6 147
80 15.1 196

[P6,6,6,14][TFSI] 43.8 [39]
60 40.3 423
70 6.18 1050
80 7.54 1210
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The initial viscosity of every grease decreases with base liquid concentration, except for 70%
[P6,6,6,14][TFSI]. However, the trend for the final viscosity is different. For mineral oil, the final viscosity
generally decreases with the increase of base liquid concentration due to weakening of the grease gel
network and microstructure. For [BMIM][TFSI] and [P6,6,6,14][TFSI], the trend is opposite, with the
final viscosity increasing with base liquid concentration. The reason for this is not clear yet, and may
be due to the high IL concentration leading to a more robust grease microstructure than mineral oils of
the same concentration. This is the topic of continued study.
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Rheological traits suggest suitable greases for applications. High initial viscosity allows for
simpler storage and transportation, whilst low minimum viscosity reduces hydrodynamic energy
dissipation for ball and journal bearings, etc., resulting in energy and economic savings. Therefore,
[BMIM][TFSI] exhibits the most valuable viscometric properties by possessing both the highest initial
and lowest final viscosity.

4. Conclusions

The rheology of greases made from different base liquids (mineral oil, [BMIM][TFSI] and
[P6,6,6,14][TFSI]) was investigated at 60, 70 and 80 wt % base liquid concentrations.
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Oscillatory strain analysis reveals the microstructural strength, linear viscoelastic region and
deformation resistance of the greases. The storage modulus, critical strain and moduli intersection
are influenced by the base liquid chemical structure and interfacial properties, i.e., surface tension.
[BMIM][TFSI] significantly outperforms [P6,6,6,14][TFSI] in all tests. It has a high critical yield, high
modulus intersection and low average LVR tan(δ) values. Oscillatory angular frequency analysis was
utilized to define the viscoelastic behavior of the greases. [BMIM][TFSI] and mineral oil based greases
with low base liquid concentrations demonstrate angular frequency independence, indicative of strong
gelation network. The moduli dependence on angular frequency is more significant for high base
liquid concentration [BMIM][TFSI] and mineral oil greases and all [P6,6,6,14][TFSI] based greases, which
implies grease microstructural breakdown in these conditions.

Viscometric analysis was performed to elucidate the greases’ viscous responses to a range of
applied shear rates. The initial viscosities of the greases are in the same trend with the base liquids,
with [BMIM][TFSI] the highest, [P6,6,6,14][TFSI] second and mineral oil the lowest. However, the final
viscosity is different ([P6,6,6,14][TFSI] > mineral oil > [BMIM][TFSI]), suggesting IL base liquids can
produce unexpected shear thinning effects.
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