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Abstract: The film thickness of a ball-on-disc contact lubricated with four greases of different formulations
was measured under different operating conditions until starvation. Two polymer-thickened
greases and two lithium-thickened greases, formulated with base oils of different nature and/or
viscosity, were tested. The central film thickness was measured under constant operating conditions
(load, temperature, slide-to-roll ratio) varying only the entrainment speed. In a separate test, the film
thickness was measured over time with all operating conditions set to constant. Pictures of the
film thickness profile across the contact area were also registered. The results were compared with
the fully flooded results. The coefficient of friction (COF) was measured in a ball-on-disc contact
under equal operating conditions and the results were correlated with the film thickness findings.
The different grease formulations and the influence of the operating conditions on the film thickness
and COF were discussed. The polymer thickened the greases, promoting lower COF and higher film
thickness, especially when there is thickener material crossing the contact which happens quite often
for these greases.
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1. Introduction

Starvation in oil lubricated contacts was first visually observed using optical interferometry by
Wedeven et al. [1] in 1971, followed by Chiu et al. [2], and later, by Pemberton and Cameron [3].
Wedeven et al. [1] observed that if the inlet region is properly flooded with lubricant, the inlet pressure
build-up will generate a lubricant film whose thickness will no longer increase even if the lubricant
supply increases—the fully flooded condition [1]. However, if there is no replenishment, or if the inlet
region is insufficiently filled, a lubricant-air meniscus is formed at the contact inlet when the lubricant
layers from the rolling element and raceway merge [4,5]. The pressure build-up is delayed and the
film is restricted and dependent on the lubricant supply available at the inlet. This phenomenon not
only severely reduces the film thickness, but as the contact gets further starved, the pressure spike
close to the outlet gets smaller up to the point where the pressure build-up resembles an Hertzian
dry-contact [4]. As the contact starves, the central film thickness approaches the minimum film
thickness, and the load caring capacity is decreased. This condition where an increase in the lubricant
supply results in increased film thickness is called starvation.

The film thickness and friction tests are generally performed under the assumption that the
contact is fully flooded. This condition is ensured using a scoop that continuously feeds the contact
with grease by forcing it back into the contact track. However, if no scoop is used, the lubricant supply
continually decreases with successive over-rollings because the grease is pushed to the sides [4,6].
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Even though starvation can also happen in oil lubricated contacts, it is much more frequent in grease
lubrication mainly because of the very high viscosity of the grease at low temperatures and low shear
and consequently, its low mobility [4,6,7].

Aihara and Dowson [8] performed an experimental study in a two-disc machine, suggesting
that the grease’s film thickness under starvation was about 70% of the fully flooded film thickness of
the base oil. Kauzlarich and Greenwood pointed out that shear degradation of the grease leads to a
reduction of the film thickness with time [9]. Later, Aström et al. [10] found that the grease’s yield
stress (τy) and/or high viscosity at low shear rates is responsible for slower contact replenishment.
The authors also claimed that spin helps to transport the grease from the side bands to the inlet,
contributing to better replenishment.

Cann et al. [7] performed film thickness measurements over time under constant operating
conditions and observed that the degree of starvation (ratio between the starved and the fully flooded
film thickness) increases with rolling speed, base oil viscosity and thickener content, but it decreases
with temperature. The thickener content affects the grease consistency, and a starved film thickness
plateau is reached sooner for greases with higher thickener content. Furthermore, they also found that a
higher thickener content also slows the oil bleeding, restricting the film build-up. Increasing the base oil
viscosity also increases the degree of starvation which might also be related to the smaller oil bleeding
that it promotes [11]. On the other hand, the temperature increase and the consequent decrease in
consistency improve the replenishment which should improve the oil bleeding and consequently,
should reduce the degree of starvation [12].

Using optical interferometry to visually determine when starvation occurs in a ball-on-disc contact,
Kaneta et al. [13] found that starvation takes place quicker (meaning, at lower entrainments speeds
but also in smaller time of operation) with greases formulated with high viscosity oils. They also
found that starvation occurs more easily with higher speeds because the time for replenishment
between over-rollings is shorter, hindering replenishment. More recently, Chen et al. [6] performed
film thickness measurements over increasing speeds in a ball-on-disc device and found that starvation
occurs at smaller speeds with greases formulated with base oils of smaller viscosity, contradicting
what was expected for oil lubrication where smaller viscosity oils show better replenishment.

Mérieux et al. defined the most common behaviours in starved grease lubrication [14]. Generally,
the film thickness decreases with time as the contact gets depleted from lubricant, quickly dropping
from the fully flooded value. From here, the film thickness may continually drop or eventually stabilize.
Quite often, it is also possible that replenishment is recovered and the film thickness may rise again.

According to Cann et al. [15], the stabilized layer (residual layer) is composed by a liquid layer of
base oil on top of a solid-like, thickener-rich layer. This solid-like layer is measured at the end of the test
at zero speed and shows thickness values between 6 nm and 80 nm [15]. Venner et al. [16] developed a
thin-layer flow model model to predict such behaviour while using the base oil viscosity as the input
and setting the thickener layer thickness to the level corresponding to the zero-speed test. This result
can be found in Ref. [17] introducing new lines of research to studying thickener–additives–surface
interactions and their characteristics when thick boundary layers are formed.

In spite of the fact that some grease lubricated rolling bearings operate under fully flooded
conditions, the large majority operates under starvation. To achieve the fully flooded condition,
it would be necessary to continuously supply a flow of grease to the rolling bearing which is
generally undesirable since it promotes high torque and excessive churning, resulting in high operating
temperatures and ultimately, failure [7]. Therefore, under normal operating conditions and depending
on the initial grease volume and distribution, the contacts will eventually starve due to side flow,
centrifugal effects, and/or gravity, cage scraping, surface tension, air flow, or oil bleeding from grease
and evaporation [4,11]. Hence, the study of grease lubricated contacts is of utmost importance for
rolling bearing technology.
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2. Methods and Materials

2.1. Tested Greases

The tested greases’ main properties are shown in Table 1. The grease samples M2, M5, MLi,
and MLiM were experimentally designed for this work and were manufactured by Axel Christiernsson,
a grease manufacturing company from Sweden.

Table 1. Properties of the test greases.

Grease Reference M2 M5 MLi MLiM Units

Thickener type PP PP LiX LiX —
Base oil nature PAO PAO PAO + 5%E MIN —

Thickener content 13 13 17.5 10.6 %
Elastomer content 0 2.6 0 1.7 %

Worked penetration (ISO 2137) 269 249 276 n.a. 10−1 mm
NLGI 2 3 2 2 —

Storage Modulus 1 G′ 80 ◦C 21,347 29,810 22,285 15,820 Pa
Loss Modulus 1 G′′ 4596 6029 7102 1861 Pa

Cross-over stress 2 τco 80 ◦C 187 92 64 163 Pa
Yield stress 3 τy 112 31 33 37 Pa

Base oil viscosity (ASTM D445) 40 ◦C 48.0 178.7 153.3
mm2/s100 ◦C 8.0 21.4 15.7

Bleed oil viscosity (ISO 12058) 40 ◦C 49.3 779.1 135.2 159.9
mm2/s100 ◦C 8.3 93.3 18.9 16.6

1—Values measured in a plate-plate rheometer at the LVE region, under a frequency of ω = 1 rad/s and a gap
of 1 mm; 2—Stress value at which G′ = G′′; 3—Stress value at which G′= 0.90·G′(LVE region).

The M2 and M5 greases were formulated with a poly-alpha-olefin (PAO) base oil and thickened
with polypropylene (PP), a polymer used here as a thickener.

The MLi grease was formulated with a mixture of two different grades of PAO and 5% ester
(PAO + 5%E) added to facilitate the saponification reaction. Finally, thee MLiM grease was formulated
with a base oil of mineral (MIN) nature. Both MLi and MLiM were formulated with Lithium Complex
(LiX) soap thickener.

None of these greases were additized. However, greases M5 and MLiM were formulated with an
elastomer (as a co-thickener), which works as a viscosity improver of the oil bled by the grease under
work [18]. For more information regarding the polymer thickened greases, please refer to Refs. [19–22].

Samples of each grease were prepared for microstructural characterization using Atomic Force
Microscopy (AFM) by carefully scraping the grease on a steel disk. AFM measurements were taken
using a Multimode AFM (Veeco Metrology, Santa Barbara, CA, USA) with a Nanoscope IVA controller.
Tapping mode AFM images were collected with commercially available silicon cantilevers (Bruker
TESP-SS, Waltham, MA, USA). These super sharp silicon cantilevers (tip size: 2 nm) had to be used
because of the very high adhesion and viscosity of the oil on the surface of the grease. These special
tips get ruined very often, for the same reason. The measuring process is also very difficult since it
is common to find a lot of oil on the surface, while the embedded thickener elements are below the
surface and, therefore, it is very hard for the tip to interact with them.

The resulting 2D images (5 µm × 5 µm) of the topography of greases M2, M5, MLi, and MLiM are
shown in Figure 1. At least two pictures were taken in different areas of the same sample to ensure that
each picture was representative of the sample’s surface. For each measurement, the system scanned
the surface in two different directions, but only the one that showed the smaller amount of artefacts is
presented here.
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M2 M5

MLi MLiM

Figure 1. Atomic Force Microscopy (AFM) images of the surface of the M2, M5, MLi, and MLiM
greases. Each picture shows a 5 µm × 5 µm region.

It was confirmed that both LiX thickener greases include twisted fibres entangled with each other.
The volume fraction of fibres was shown to be higher for grease MLi, although the fibres were thinner
than grease MLiM. On the other hand, the structure of the thickener in grease MLiM grease was coarser
than that of MLi. The average diameter of the fibres was similar to what was found in the pictures from
SEM [23]. It was also not possible to infer the fibres’ lengths, since it is clearly impossible to identify
the beginning and ending of a single fibre embedded in the oil. Regarding the polymer greases, it was
even harder to conclude anything. Although the results of grease M2 look very different from those
of grease M5, its structure should, in fact, be very similar with particle-like elements [23]. However,
for grease M2, it was very hard to reach a zone where thickener material was close to the surface,
and even when it was, its morphology was very hard to understand.

2.2. Measurement Procedure

2.2.1. Film Thickness

To evaluate the lubricant film thickness in a ball-on-disc contact, the interferometry technique
was used. Produced by PCS Instruments (UK), the EHD2 device is capable of measuring the lubricant
film thickness in a ball-on-disc or roller-on-disc configuration for thin films (1 nm resolution up to
1000 nm). This device is capable of controlling the lubricant temperature, ball and disc entrainment
speeds, contact load, and slide-to-roll ratio (SRR).

A schematic of the measuring system and interferometry method is shown in Figure 2. A light
source projects light into the contact between the ball and the disc through a microscope lens. Part of
this light is reflected from the underside of the glass disc and some passes through any lubricant film
and is then reflected back from the steel ball. The fact that the two light beams have travelled different
lengths causes interference fringes captured by the spectrometer. The central film thickness is then
computed from the interference fringes with high precision.
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Figure 2. Diagram of the optical interference technique used in the EHD2 equipment.

Three different tests were performed to evaluate the evolution of film thickness over time:

1. Central film thickness, varying the entrainment speed;
2. Central film thickness, measured over time;
3. Film thickness profile pictures across the contact area, measured over time.

Before each test, a heat period of 30 min was applied to ensure temperature stabilization. The space
layer thickness was measured at the disc track radius, at zero speed, and without any lubricant between
the ball and the disc. The space layer thickener is important for the precise evaluation of the film
thickness. The specimens used for the ball and glass disc are stated in Table 2. In all three tests,
all operating conditions were set to be constant, except for the time or entrainment speed.

Table 2. EHD2—Specimens for film thickness and coefficient of friction measurements.

Surface Properties Glass Disc Steel Ball Steel Disc

Radius, Rx,y [mm] ∞ 9.525 ∞
Roughness, Ra [µm] 5 <20
Material Glass AISI 52100
Young’s Modulus 64 207
Poisson coefficient 0.29 0.2

In the first test type, three speed ramps were performed at a constant load, temperature,
and slide-to-roll ratio (SRR). The ball-on-disc device used in this work does not allow the scoop
to be removed during the actual test and therefore, no scoop was used right from the beginning.
Since the lubricant supply should change with each ramp, the average of three measurements was
not calculated. However, given that the ramps were performed from low to high speeds, the first
ramp should be representative of the fully flooded result. The entrainment speed (U0) ramps were
performed from 10 mm/s to 2 m/s, controlling the temperature (T) at 20, 40, and 80 ◦C. The normal
load (F) was set constant at 50 N and the SRR was set to 5%. Each speed ramp took about 180 s with a
delay of less than 10 s between ramps.

In the second test type, the central film thickness was measured for each grease under the
conditions stated in Table 3. Test number 1 was used as a reference, while the other tests were
performed after only changing one of the conditions each time. At the end of each test, a zero speed
thickness was also measured. The test time was 1200 s, since it was frequent for the disc track to show
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damage after this time for some of the tests, and therefore, the film thickness results were unreliable
from this point onwards.

Table 3. Operating conditions of the central film thickness measurements and coefficient of
friction measurements.

Test Number 1 (Ref.) 2 3 4

Entrainment speed—U [m/s] 0.5 1 0.5 0.5
Temperature—T [◦C] 40 40 80 40

Slide-to-roll ratio—SRR [%] 5 5 5 50
Load—F [N] 50 50 50 50

Finally, in the third test type, the same operating conditions as those shown in Table 3 were used,
but instead of using a spectrometer to obtain the monochromatic interference fringes which allows
the central film thickness to be calculated, the Space Layer Imaging Method (SLIM) [24] was used.
This method uses a sensitive RGB (red, green, blue) colour camera to capture an image of the contact
area. The colours of the pixels can be used to calculate the film thickness, producing 3D maps of the
film thickness profile across the contact area. These tests were only performed to better understand
how the film thickness profile would change along the test duration, but the central film thickness was
not computed from the pixel data due to its comparatively lower precision.

2.2.2. Coefficient of Friction

The coefficient of friction was also measured to investigate starvation. Using the same ball-on-disc
device and the specimens (ball-on-smooth steel disc) reported in Table 2, the coefficient of friction
was measured over time under constant operating conditions. Once again, four different tests were
explored, according to the conditions reported in Table 3.

3. Results and Discussion

3.1. Central Film Thickness Measured With Varying Entrainment Speed

The central film thickness of the ball-on-disc contact, measured with increasing entrainment
speeds at 20 ◦C is shown in Figure 3, for the M5 and MLi greases. The fully flooded result at each
temperature measured using the scoop is also shown here for easier comparison.

Generally, under fully flooded conditions, the film thickness under low entrainment speeds shows
a “plateau-like” region where the film thickness is almost independent from the entrainment speed,
decreasing very slightly with it. This behaviour is attributed to the thickener material crossing the
contact, and the scatter can be considerably high in this region. Upon reaching a certain minimum
value, the film thickness starts to increase at a slope of U0.67, typical of oil lubrication [25–29]. Not all
greases show this behaviour under the same temperature or speed range. According to Figure 3,
the differences between the first and third speed ramps are very clear, showing that the longer the test
duration is, the higher is the deviation from the fully flooded result is. This deviation is attributed to
starvation: the lack of scoop causes the contact to gradually starve as the time of the test increases,
associated, of course, with the increasing speed (and centrifugal forces) which pushes the grease away
from the contact. It is also evident that the lack of scoop greatly increases the scatter of the results,
not only in the low speed region, but also in the high speed region. It was also common to measure film
thickness values above the fully flooded result for certain speeds. The grease’s chaotic and random
behaviour [30] made it hard to measure a representative film thickness for a certain operating condition.
It was also difficult to obtain repeatable curves, without the scoop to “control” the replenishment.
In the case of the polymer greases, it was even harder, probably due to the increased thickener size [23].

In Figure 4, the central film thickness results are shown for different operating temperatures.
In this figure, only the 3rd speed ramp is shown, compared to the fully flooded result. Regarding
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the effect of increasing speed, it was observed that, generally, there is a speed value at which the
film thickness drops from the typical slope of U0.67. That speed seems to increase with an increase in
temperature, showing that at higher operating temperatures, the contact replenishment is improved,
and therefore, the starvation phenomenon happens only at higher speeds.
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Figure 3. Central film thickness of a ball-on-disc contact, measured over increasing entrainment speeds
for the M5 and MLi greases at T = 20 ◦C and SRR (slide-to-roll ratio) = 5%.
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Figure 4. Film thickness curves of the M2, M5, MLi, and MLiM greases, measured over increasing
entrainment speeds at 20, 40, and 80 ◦C.

For the LiX thickened greases, as soon as starvation occurred, the film thickness became almost
independent of speed, even in the low speed region where the thickener should contribute to the film
thickness. However, it was frequent for the replenishment to recover as the speed increased. In this
situation, the film thickness increased again, approaching the fully flooded result. This recovery was
also observed for the polymer greases under certain operating conditions.

At 80 ◦C, the film thickness curves of all greases besides M5 were closer to the fully flooded result.
In this situation, the grease consistency was lower which should facilitate the replenishment. However,
film thickness decay at high speeds was still observed. In the case of grease M2 at 80 ◦C, it was not
possible to define a clear behaviour since the points at different entrainment speeds had very large
scatter and did not follow any trend.

3.2. Central Film Thickness Measured over Time

The central film thickness of grease MLi, measured over time in the ball-on-disc contact at a
temperature of 40 ◦C, 5% of SRR and under an entrainment speed of 0.5 m/s is shown in Figure 5.

The fully flooded result measured under the same operating conditions but using a scoop is
shown as a black horizontal line and a red dash-dotted line for the grease and base oil, respectively.
The film thickness value corresponding to the plateau found at low speeds (see Figure 4) on the film
thickness curves of the each grease under fully flooded conditions is also represented as a green dashed
line. In the same figure, pictures of the film thickness profile over the contact area are also shown
and were obtained using the SLIM method. Although these pictures do not correspond directly to
the central film thickness curves, they should be illustrative of the film thickness evolution over time
under these operating conditions.

It can be generally observed that the initial film thickness values were similar, but frequently
higher than the fully flooded film thickness of each grease under the same operating conditions. In the
case of the polymer greases, it was common to find even higher values, closer to the film thickness
plateau under low speeds. At just a few seconds into the test, the film thickness of all greases dropped
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quickly. After some time, the film thickness decay rate slowed considerably, reaching the stabilization
stage, as expected from the literature [14].
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Figure 5. Central film thickness of a ball-on-disc contact, lubricated with the MLi grease under
U = 0.5 m/s, F = 50 N, SRR = 5%, and T = 40 ◦C.

In the stabilization zone, the film thickness changes little with time, and it may decrease or
increase very slowly, but it is frequent to observe considerable scatter as the thickener lumps cross the
contact. Although this was observed for all greases, it is especially relevant in the case of the polymer
greases, where larger and more frequent lumps cross the contact very frequently; this was reflected
in high film thickness peaks. Sometimes the opposite was observed and the replenishment suddenly
failed and a very sharp valley was formed. It was also common for the replenishment to improve
for a while, and consequently, the film thickness also increased. The grease behaviour is chaotic [30]
so this loss and recovery balance seems completely random and independent of grease formulation.
However, vibrations, centrifugal forces, and/or mechanical degradation of the thickener matrix and
consequent oil re-flow, could all explain this loss and supply mechanism [7,12].

By analysing the film thickness pictures, it is also possible to see that, generally, in the first 100 s
of operation, the film thickness profile resembled a “horse-shoe” which is typical of a fully flooded
contact. As the time increased, this profile continuously changed until starvation was reached. As an
example, Figure 6 shows the top view of the film thickness profile of grease MLi under the operating
conditions of Test 3 (see Table 3), after 5, 29, and 140 s of test time. In the same figure, cross-section
film thickness curves were shown, taken over a central line parallel to the rolling direction and over a
line transverse to the rolling direction. From these curves, it is possible to observe the evolution of
the central and minimum film thicknesses during the test. As the time increases and the contact gets
further starved, a ratio of hm/h0c −→ 1 and starved conditions are reached.

Figures 7 and 8, show the central film thickness curves of the M2, M5, MLi, and MLiM greases
measured over time, under the operating conditions reported in Table 3. All curves show behaviour
similar to the that reported for the MLi grease in Figure 5. To analyse the influences of different
operating conditions, each test was compared to the reference test (Test 1). The average and standard
deviation of the film thickness in the stabilization zone are shown in Table 4 for all tests and greases.
The zero speed film thickness measured at the end of the test did not shown any relationship with
regards to grease formulation or operating conditions.
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Table 4. Average (hst) and standard deviation (σ%) of the central film thickness of the M2, M5, MLi,
and MLiM greases from 1000 to 1200 s. The fully flooded film thickness result (hG) is also shown under
the same operating conditions.

Test 1 Test 2 Test 3 Test 4
40 ◦C 40 ◦C 80 ◦C 40 ◦C Trends inTest
0.5 m/s 1 m/s 0.5 m/s 0.5 m/s Starvation TestsConditions

5% 5% 5% 50%

M2
hG 192 318 98 192 *
hst 123 80 321 30 U ↗ hst ↘
σ% 17 56 85 10 T ↗ hst ↗

M5
hG 320 551 121 320 *
hst 112 121 66 50 U ↗ hst ↗
σ% 13 85 156 12 T ↗ hst ↘

MLi
hG 470 756 146 470 *
hst 41 79 76 7 U ↗ hst ↗
σ% 5 27 8 29 T ↗ hst ↗

MLiM
hG 558 867 131 558 *
hst 123 59 24 9 U ↗ hst ↘
σ% 34 54 13 11 T ↗ hst ↘

hG and hst in nm. σ% in %. * fully flooded values measured under the operating conditions of Test 1.
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Figure 7. Film thickness of the M2 and M5 greases measured over time under constant operating conditions.
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Figure 8. Film thickness of the MLi and MLiM greases measured over time under constant operating conditions.
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At the beginning of Test 1, all greases showed a film thickness value higher than the greases’ fully
flooded result, which quickly decreased to film thickness values below the fully flooded base oil result.
In the case of the lithium-thickened greases, the film thickness value in the stabilization zone was
higher, although very close to the greases’ film thickness plateau at low speeds.

When the tests were performed under higher entrainment speeds (Test 2), the film thickness
decay rate increased for all greases. Once again, the polymer greases showed initial values of film
thickness near the low speed plateau and lithium grease film thickness values above the greases’ fully
flooded result. However, the film thickness in the stabilization zone seemed to increase for the M5
and MLi greases, but decreased in the cases of greases M2 and MLiM. According to Table 4, the film
thickness’ standard deviation in this zone increased for all greases apart from MLiM.

In the tests performed at higher temperatures (Test 3), all greases showed very high film thickness
values in the first seconds, gradually decreasing to values near the film thickness of the base oil under
fully flooded conditions. The only exception was grease MLiM whose film thickness dropped to
very low values, even lower than the base oil or the low speed plateau. At this temperature (80 ◦C),
the scatter was considerably higher than at 40 ◦C, especially for the polymer greases, as can be seen
in Table 4.

Finally, the tests performed at higher SRR (Test 4) showed that replenishment is considerable
affected by an increase in the sliding speed. Although the initial film thickness was smaller than both
fully flooded results of grease and base oil, the film decay rate was slower than that for the other tests.
However, the film thickness in the stabilization zone was reached at smaller film thickness values than
for the reference test, as shown in Table 4.

The tests performed at an SRR of 50% proved to be extremely harsh on the surface of the glass disc.
It was very frequent for the track to get damaged and the film thickness could no longer be evaluated,
a phenomenon which speaks for itself regarding how SRR affects the replenishment. Furthermore, and
according to the film thickness profile pictures, the system struggled to keep the ball in place (clearly
observed in the case of the M5 and MLi greases above 600 s) increasing the difficulty of obtaining
representative film thickness curves under these operating conditions. Once again, the time at which
the tests failed or the surface got damaged was found to be random.

The relationship between the grease formulation (thickener type or base oil nature) and the film
thickness under starved conditions is not clear. However, it seems that the polymer greases generally
produce higher film thickness values, especially when there is thickener material crossing the contact,
which happens much more often than for the lithium complex-thickened greases.

3.3. Coefficient of Friction Results

The COF was measured over time under constant operating conditions in a ball-on-disc device
without using the scoop to force grease back into track. Each test was repeated twice, and the results
were averaged. The average curve is shown in Figure 9 for the M2, M5, MLi and MLiM greases.
The results are plotted versus the number of ball revolutions.

By analysing Figure 9, it is possible to see that the coefficient of friction increased as the number
of cycles increased. Since the operating conditions were kept constant along the test, this phenomenon
was due to the film thickness decay as the replenishment changed from fully flooded to starved
conditions. For certain greases and under certain operating conditions, the coefficient of friction
increased continuously over the test duration, while for others, it reached a steady state, similar to
what was observed for the film thickness results. The average coefficient of friction for the last 2000 ball
revolutions is shown in Table 5. However, in this case, there is a clear trend regarding the average
coefficient of friction (µst), of the different greases in the last cycles of the test:

µst
MLiM >µst

MLi >µst
M5 >µst

M2.

The fact that MLiM shows the highest COF should be due to a combination of a high viscosity
mineral base oil and a lithium complex thickener. The mineral-based oils generally produce higher
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COF values [31], and the high viscosity should promote higher viscous friction and quicker starvation
(starvation phenomenon happening with less operation time and at lower speeds).
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Figure 9. Coefficient of Friction (COF) curves of the M2, M5, MLi and MLiM greases, measured over
time under different operating conditions.

Table 5. Average COF under starved conditions (µst) for the last 2000 cycles of the M2, M5, MLi and
MLiM greases.

Test 1 Test 2 Test 3 Test 4
40 ◦C 40 ◦C 80 ◦C 40 ◦CTest

0.5 m/s 1 m/s 0.5 m/s 0.5 m/sConditions
5% 5% 5% 50%

Trends

M2
U ↗ µst ↗

µst 0.016 0.022 0.009 0.047 T ↗ µst ↘
SRR↗ µst ↗

M5
U ↗ µst ↘

µst 0.035 0.027 0.022 0.079 T ↗ µst ↘
SRR↗ µst ↗

MLi
U ↗ µst ↗

µst 0.031 0.039 0.024 0.079 T ↗ µst ↘
SRR↗ µst ↗

MLiM
U ↗ µst ↗

µst 0.046 0.054 0.035 0.073 T ↗ µst ↘
SRR↗ µst ↗

These results, in addition to those reported in the previous section, show that even under starved
conditions, the polymer greases tend to provide thicker films and smaller coefficients of friction in
the stabilization stage. The only test where this trend was not so clear was under an SRR of 50%.
In this situation, there was a large amount of scatter for some of the measurements related to the same
problems already reported for the film thickness results. Under high loads and high SRRs, the system
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struggled to keep the ball in place due to high friction forces. Furthermore, the lubricant film broke
and built up very fast as the replenishment changes and thickener lumps crossed the contact, making
it very difficult to obtain coherent measurements under this condition.

The analysis of the results measured under different operating conditions showed that the trends
were very similar between greases. By increasing the entrainment speed, the COF grew quicker and its
value in the stabilization zone was higher than that at lower entrainment speeds which should be due
to stronger starvation. The same effect was observed for tests performed at higher SRR values, but the
value of the COF in the stabilization zone was even higher. On the other hand, the tests performed
at higher operating temperatures were associated with lower COF values due to the decrease in
the viscous friction and better replenishment due to the reduced grease consistency and improved
oil-bleeding [12].

4. Conclusions

Film thickness measurements were performed in a ball-on-disc device under different operating
conditions. In order to promote starvation, the scoop, which is generally used to ensure fully flooded
conditions, was removed. Two different tests were performed to measure film thickness under
increasing speed or over time. It was common to find a very high deviation in the results and the
repeatability was often low, showing that the mechanisms of recovery and the loss of lubricant at the
inlet of the contact are extremely random and chaotic [30].

Regarding the tests performed with the lithium-thickened greases under increasing entrainment
speeds, it was possible to identify the speed at which starvation occurred. This speed seemed to
increase with the operating temperature, suggesting that replenishment is better at high temperatures.
In fact, the results of all greases were closer to the fully flooded result at higher temperatures [12].

As soon as starvation occurred, the film thickness dropped with increasing speed. However,
it tended to stabilize and became independent of speed, at least for the tested lithium greases. Still,
recovery was sometimes observed as the film thickness increased again.

In the case of the polymer greases, it was difficult to identify the speed at which starvation really
occurred. However, it was possible to see a clear decrease in the film thickness values for the whole
speed range tested.

Regarding the tests performed over time under constant operating conditions, it was found that
the film thickness generally started at very high values and decreased very fast as time progressed.
The decay rate slowed down after a while and a stabilization period was reached. Film recovery was
often observed as the film thickness suddenly increased again. The effects of increasing the speed,
slide-to-roll ratio, and operating temperature on the starved film thickness were addressed.

A very high standard deviation was found for certain operating conditions and all greases.
However, in the case of the polymer thickened greases, the scatter was generally higher, suggesting
that thickener lumps of larger size crossed the contact more often than for the lithium-thickened
greases. Furthermore, the average film thickness in the stabilization zone was also frequently higher
for the polymer greases, even for grease M2 formulated with the base oil of lowest viscosity.

Finally, the coefficient of friction was also measured over time. The COF quickly increased
with time until it also reached a stabilization stage. In this region, it was observed that the polymer
greases showed smaller coefficient of friction than lithium-thickened greases under the same operating
conditions. The effect of changing the operating conditions on the coefficient of friction under starved
conditions was also addressed, and it correlated fairly well with the results obtained in the film
thickness tests, in general. In comparison with Test 1, the following trends were generally observed:

• Increasing the entrainment speed led to faster starvation due to the grease being pushed away
from the contact and therefore, there was less time for the film to recover. As a consequence,
the COF was higher;
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• An increasing temperature led to later starvation (both in speed and time) and better replenishment
due to decreased consistency, reduced bled oil viscosity, and improved oil-bleeding [12]. As a
consequence, the COF reduced;

• AN increasing SRR led to faster starvation and reduced film thickness due to grease shearing and
less time for the film to recover. Again, this led to an increased COF.

This work focused only on the very recent polymer-thickened greases [18,27,28,32–34] and the very
common—and already proven—good performance, multi-purpose, lithium-thickened greases [4,35,36].
The experimental tests shown here should be extended to different thickener-base oil combinations to
determine whether the observed phenomena could be generally applied to different formulations.

Grease lubrication is extremely complex. Not only is its behaviour fairly difficult to predict,
but also, it is extremely application dependent. In this work, the film formation and friction under
starved conditions were addressed in a ball-on-disc contact, but the behaviour in a rolling bearing can
be considerably different. Although the tested polymer-thickened greases showed better performances
in the single contact tests, it cannot be assumed that they should also provide better wear protection or
increased rolling bearing life for all applications. There are so many variables involved (consistency,
thickener type and/or content, base oil viscosity/nature, additive package, etc.) and so many
different performance requisites (load carrying capability, improved oil-bleeding, low and high
temperature properties, low friction, etc.) that grease formulation R&D should be increasingly more
application oriented [36].
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