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Abstract: The service life of rolling bearings is significantly affected by the film formation in
elastohydrodynamic (EHD) contacts, which depends on the operating conditions, like rotational
speed or temperature. In grease lubricated EHD contacts, the film formation is determined by the
grease consistency and composition, i.e., thickener and base oil type as well as properties of the
bleed oil, which is released from the grease during operation. Thus, the film formation of grease
lubricated contacts as compared to base oil lubricated contacts can be different. With increasing
rolling speed, the film thickness of oil lubricated contacts usually grows. However, in case of
grease lubricated contacts, which are not fully flooded, the film thickness remains constant or even
decreases with further increasing rotational speed. This effect is referred to as starvation. Since the
onset of starvation depends on the grease composition, the film formation of two different grease
compositions is investigated in this study. The film thickness measurements are performed on
a ball-on-disc tribometer for each grease, as well as the corresponding bleed and pure base oils.
Thereby, the characteristic rotational speed leading to the onset of starvation has been identified in
dependence of the grease composition and the differences in the lubricating film formation of base oil,
bleed oil, and grease lubricated EHD contacts have been discussed. The investigations should help to
establish an advanced understanding of the physical mechanisms leading to the onset of starvation
to encourage future work with focus on a method to predict the film formation in grease lubricated
EHD contacts.
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1. Introduction

The service life of rolling bearings is significantly affected by the lubricant and the lubricating
film formation in elastohydrodynamic (EHD) contacts. The film formation is not only affected by
parameters, such as pressure and temperature, but significantly by the rolling speed. Grease lubrication
offers several advantages in comparison to oil lubrication, such as low maintenance and change
intervals, as well as sealing properties against moisture and dirt. Therefore, approx. 90% of all rolling
bearings in use are grease lubricated. However, the physical mechanisms affecting the lubricating film
formation in grease lubricated rolling bearings are not satisfactorily clarified [1].

Recent work by several authors like Cousseau et al. [2,3], Goncalves et al. [4,5], De Laurentis et al. [6,7],
and Cen et al. [8,9] compare the film formation under fully flooded lubrication between grease and oil
lubricated contacts. The film thickness measurements were performed on a ball-on-disc tribometer under
variation of rolling speed. To achieve a fully flooded grease lubrication during the grease measurements,
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the contact was continuously re-lubricated, so that the contact area was always completely supplied
with grease. The results show, that for low speeds the film thickness first decreases and then increases
again, such that it forms a V-shaped curve or plateau with an increasing rolling speed. The rolling speed,
where the film thickness starts following the fully flooded base oil curve is called transition speed [8–10].
Since thickener particles can enter the contact zone [11–15], grease lubricated contacts form a higher
film thickness than base oil lubricated contacts at the same rolling speed. However, in practice grease
lubricated rolling bearings are usually not continuously re-lubricated, so that the contacts are not always
fully flooded [12,16]. Therefore, the film formation under starved grease lubrication on a ball-on-disc
tribometer has also been studied by some authors [17–22]. The results show, that by variation of rolling
speed, the film thickness drops at a certain characteristic rolling speed below the film thickness of the
corresponding fully flooded base oil. This film thickness decay due to insufficient lubricant supply is
referred to as starvation. By definition according to Wilson [23], the onset of starvation occurs at the
above described characteristic rolling speed. This study focuses on measurements under starved grease
lubrication and the onset of starvation will be pointed out by following the definition by Wilson [23].

In general it is assumed, that the film formation in grease lubricated contacts is mainly affected
by the bleed oil, which is released from the grease during operation [12,16,24]. Therefore, in [2–4]
further film thickness measurements with bleed oil were performed and the results were compared to
the measurements with grease and base oil. The authors showed, that the film thickness of the bleed
oil can be higher than the film thickness of the base oil and even can match the film thickness of the
corresponding grease. The difference of the film thickness between bleed oil and base oil is explained
by the higher viscosity of the bleed oil. However, the bleed oil properties are dependent on the grease
composition, from which it is extracted [2].

Moreover, the onset of starvation can be explained by insufficient lubricant or bleed oil reflow,
known as replenishment, which is affected by the rolling speed [17,25,26]. The amount of bleed oil
is limited by the bleeding behaviour of the grease, which can be different depending on the grease
composition [27]. The bleeding behaviour can be determined by standard methods, such as proposed
in DIN 51817 [28]. Thus, in this article, the correlation between the bleeding behaviour and the
onset of starvation between two different greases will be investigated. Since the grease compositions
contain different base oils, but the same thickener and no additives, the effect of the base oil type
on the bleeding behaviour and film formation can be identified. The bleeding behaviour will be
determined following the method in DIN 51817 [28] and the film formation will be investigated using a
ball-on-disc tribometer. To outline the differences in the film formation of the considered lubricants and
lubrication regimes, the results of film thickness measurements of two different grease compositions
under both fully flooded and starved lubrication, the corresponding bleed and base oils are compared
and discussed.

The investigations should help to establish an advanced understanding of the physical
mechanisms leading to starvation to encourage future work with a focus on a method to predict
the film formation in grease lubricated EHD contacts.

2. Methods and Lubricants

In the following the principle of the film thickness measurement using the ball-on-disc tribometer
EHD2 from PCS Instruments is explained for measurements with oil and grease. The procedures of
the film thickness measurements with grease under fully flooded and starved lubrication, which allow
reproducible measurements, are presented. Furthermore, the process for the bleed oil extraction from
the greases is outlined.

2.1. Film Thickness Measurements

The ball-on-disc tribometer can be used to measure the central film thickness of the EHD contact
with contact pressures in the range of approx. 400 to 700 MPa and lubricant temperatures up to 150 ◦C.
A polished steel ball with a diameter of 19.05 mm is loaded against a glass disc to create the EHD
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contact. Usually, the measurements are performed with oil as lubricant. In this case, the steel ball is
positioned in an oil bath and the lubricant is transported by the rotating ball into the EHD contact
between the disc and the ball, such that a fully flooded lubrication regime is achieved. Both surfaces
have a roughness of approx. Ra = 0.02 µm, so that the surfaces are completely separated during
operation for a wide range of rolling speeds and it can be assumed that the measurements are not
performed in a mixed lubrication regime. The rolling speed of the contacting bodies, the so called
hydrodynamically effective speed, is particularly relevant for the formation of a lubricating film in
the EHD contact. The rolling speed is defined as the mean value of the circumferential speeds at the
contact of ball and disk (1). Sliding occurs, if both bodies rotate with different circumferential speeds
at the contact (2). The ratio of sliding to rolling speed is referred to as the Slide–Roll-Ratio (SRR, 3).
For the measurements in this article, pure rolling (SRR = 0%) is set. Moreover, the measurements are
performed with a stepwise increase of rolling speed.

urolling =
(udisc + uball)

2
(1)

usliding = udisc − uball (2)

SRR =
usliding

urolling
(3)

Figure 1 illustrates a schematic sketch of the ball-on-disc tribometer with an optical measurement
device for determining the thickness of the lubricating film. A lens and a light source are positioned
over the glass disc. Light rays pass through the lens and are reflected partly by the bottom side of the
glass disc and partly by the surface of the steel ball. The difference in the wavelength of the reflected
light rays results in a phase shift, and the interference of the light rays is measured by a spectrometer.
The information about the phase shift and interferences is used to determine the lubricating film
thickness with an accuracy to 1 nm. Using this principle one point in the centre of the EHD contact,
i.e., the central film thickness is measured. A detailed explanation of the measurement method is
described in [29].

Figure 1. Schematic sketch of the ball-on-disc tribometer for film thickness measurements.

2.2. Preparation of Grease Lubricated Film Thickness Measurements

Film thickness measurements of grease lubricated contacts on a ball-on-disc tribometer can
be performed with re-lubrication to obtain fully flooded lubrication or without re-lubrication to
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obtain starved lubrication. Due to the known chaotic behaviour of grease [30], the reproducibility
of measurement results is difficult to achieve. Therefore, the test setup and conditions for each
measurement should be hold as similar as possible. In the following, the test setup, in order
achieve a good reproducibility of results for both fully flooded lubrication and starved lubrication,
will be described.

As described in the introduction, a re-lubrication system can have an effect on the formation of the
lubricating film. When measuring under fully flooded lubrication, an additional element, the so-called
scoop, is placed directly in front of the EHD contact (see Figure 2). This trapezoidal grease reservoir is
pressed against the disc, so that the EHD contact is continuously supplied with grease. In this state,
the contact is always fully flooded and the onset of starvation can be prevented.

Figure 2. Scoop for film thickness measurement with grease under fully flooded lubrication:
(a) scoop mounted at ball carriage; and, (b) scoop supplies elastohydrodynamic (EHD) contact with
grease during operation.

For film thickness measurements under starved lubrication, a grease film with a definite height
of approx. 0.1 mm is applied to the disc initially before the measurement. This leads to a total mass
of approx. 1.0 g grease on the disc for each test. Figure 3 shows the grease distributer, which is used
to apply the grease. In order to distribute the grease uniformly on the raceway, the film thickness
measurement is preceded by a running-in phase of 15 min with a constant rolling speed of 30 mm/s.

Figure 3. Grease distributer for preparation of measurements in starved contact regime.
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All measurements, under fully flooded and starved lubrication, were performed five times
with increasing rolling speed. The mean values of the results were taken and are presented in the
diagrams with standard deviation error bars to indicate the scattering of the results (see Section 3).
Thus, a representative tendency of the film formation can be seen and the lubrication behaviour among
the examined greases can be differentiated.

2.3. Lubricants

The examined greases are assigned to the consistency class NLGI 2 and do not contain additives.
A polyalphaolephin (PAO) lithium complex (Li) grease and a polyalkylene glycol (PAG) lithium
complex grease were used for the investigations. Moreover, the corresponding base and bleed oils
PAO and PAG were examined. The kinematic viscosities of both base oils were measured at 40 ◦C
and 80 ◦C under ambient pressure. Table 1 shows the lubricant properties and designations used in
the following.

Table 1. Examined lubricants and kinematic viscosities.

Thickener Base Oil Viscosity 40 ◦C Viscosity 80 ◦C Designation

22 wt % Lithium Complex PAO 98.01 mm2/s 22.14 mm2/s PAO-Li-100
26 wt % Lithium Complex PAG 141.71 mm2/s 40.64 mm2/s PAG-Li-140

2.4. Extraction of Bleed Oil

The expertiments to extract the bleed oil from the grease are carried out following the procedure
that was proposed by DIN 51817 [28]. The device is shown in Figure 4 and consists of a conical sieve
with a mesh size of 63 µm, a flange above it, a bowl for collecting the bleed oil and a load weight.
The flange is filled with grease and the entire device is stored at a constant temperature of 80 ◦C for
seven days. The bleed oil is collected in the bowl under the sieve. To obtain a sufficient amount of
lubricant for the film thickness measurements, the dimensions of the device were enlarged from 44 mm
sieve diameter as in DIN 51817 [28] to 100 mm. Furthermore, several devices were used at the same
time for the extraction of bleed oil.

Figure 4. Schematic structure of the designed bleeding device for bleed oil extraction.

3. Results

The results of the extraction of bleed oil for both PAO-Li-100 and PAG-Li-140 grease are outlined
in this Section. Furthermore, the results of the film thickness measurements for the greases as well
as the corresponding bleed and base oils are compared among each other. The measurements were
carried out at 700 MPa HERTZIAN pressure and 40 ◦C.
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3.1. Results of the Bleeding Tests

Besides the extraction of bleed oil from greases, the bleeding tests give information about the
bleeding behaviour of the examined grease. The bleeding behaviour can be represented by the mass
fraction (in wt %) of the extracted bleed oil to the initially applied grease mass. The bleeding tests
for the investigated greases show that the oil separation from PAO-Li-100 grease with 4.14 wt % is
higher in comparison to the PAG-Li-140 grease with 2.20 wt %. The bleeding test for PAO-Li-100 was
performed with 21 and for PAG-Li-140 with 14 bleeding devices, so that a sufficient average of the
mass fraction, and thus a representative bleeding behaviour could be achieved. Moreover, kinematic
viscosities at 40 ◦C and 80 ◦C under ambient pressure of the bleed oil were measured and are given in
Table 2. The higher viscosity of the bleed oil from PAG-Li-140 grease probably leads to a lower bleed
oil release.

Table 2. Mass fraction and kinematic viscosities of extracted bleed oil.

Grease Bleed Oil Release at 80 ◦C Bleed oil Viscosity 40 ◦C Bleed Oil Viscosity 80 ◦C

PAO-Li-100 4.14 wt % 93.26 mm2/s 21.57 mm2/s
PAG-Li-140 2.20 wt % 140.61 mm2/s 39.25 mm2/s

3.2. Measurement Results of PAO-Li-100

The results of the film thickness measurement of the PAO-Li-100 grease, its base oil PAO and
bleed oil are illustrated in the following. Figure 5 shows the film thickness for grease under fully
flooded lubrication, base oil and bleed oil as a function of the rolling speed. The double-logarithmic
diagram shows an almost linear increase in the film thickness of the base oil. The scoop was used
for the measurement with grease, so that a continuous grease supply was applied and no starvation
could occur. This measurement was repeated five times and the mean values of the results were taken.
Standard deviation error bars indicate the scattering of the measurement results.

Figure 5. Film thickness of grease under fully flooded lubrication, bleed and base oil for PAO-Li-100.
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For rolling speeds below 50 mm/s, the film thickness shows a high scattering with mean values
in a range of approx. 50 to 150 nm. Above 50 mm/s the film thickness increases linearly with a
further increase in rolling speed with low scattering. Throughout the entire range, the grease forms a
higher film thickness than the base oil. Furthermore, the bleed oil from PAO-Li-100 when compared
to the corresponding base oil shows no difference in the film formation for rolling speeds higher
than 50 mm/s. For lower speeds the bleed oil forms a slightly lower film thickness than the base oil.

In order to determine the onset of starvation, measurements under starved lubrication were
performed following the measurement procedure that is outlined in Section 2.2. Figure 6 compares the
film thicknesses of PAO base oil, the grease PAO-Li-100 under fully flooded and starved lubrication.
The starved measurements were performed five times and the mean values with standard deviation
error bars are presented in Figure 6.

Figure 6. Film thickness of base oil, grease under fully flooded and starved lubrication for PAO-Li-140.

The mean film thickness of the starved measurement at low rolling speeds below 50 mm/s is in
the range of approx. 100 to 200 nm. When compared to the results of the fully flooded measurements,
the mean values of the starved measurements are slightly higher, but the scattering ranges overlap.
In the range of approx. 200 to 600 mm/s the mean film thickness of the fully flooded and starved
measurement are in good accordance. The onset of starvation can be determined at approx. 600 mm/s,
where the mean film thickness of the starved grease measurement drops below the film thickness
of the base oil. At approx. 2000 mm/s, the lubricating film thickness increases again, but with
increasing scattering. Thus, the error bars indicate a high scattering for speeds below 200 mm/s and
above 600 mm/s.

3.3. Measurement Results of PAG-Li-140

The results of the film thickness measurement with PAG-Li-140 grease, its base oil PAG and the
bleed oil are shown below. The measurement under fully flooded lubrication was repeated five times
and the mean values of the film thickness with standard deviation error bars are shown in Figure 7.
In accordance with the results of PAO-Li-100, the film thickness of PAG-Li-140 grease shows a higher
film thickness compared to its base oil throughout the whole range of rolling speeds under fully
flooded lubrication. However, in contrast to PAO-Li-100, the error bars of the results for rolling speeds
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below 50 mm/s indicate a low scattering and the mean film thickness is slightly higher in the range of
approx. 100 to 200 nm. Figure 7 also shows the film thickness of bleed oil and similar to the results in
Figure 5 for the PAO-Li-100 lubricant, there is also no difference in the film thickness when compared
to the base oil.

Figure 7. Film thickness of grease under fully flooded lubrication, bleed and base oil for PAG-Li-140.

Figure 8 shows the film thickness of the PAG base oil, the grease PAG-Li-140 under fully flooded
and starved lubrication. The measurement under starved lubrication was also repeated five times.
The mean film thickness shows a constant level at first, and a slight decrease from approx. 20 mm/s.
Thereby, the mean film thickness is always lower than the mean film thickness of the fully flooded
measurement, however the error bars overlap in the rolling speed range between 4 and 20 mm/s.
The onset of starvation can be determined at 50 mm/s, where the grease film thickness drops below
the base oil film thickness. The error bars indicate a high scattering for speeds below 20 mm/s,
from 150 to 200 mm/s, and above 700 mm/s.

Figure 8. Film thickness of base oil, grease under fully flooded and starved lubrication for PAG-Li-140.
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4. Discussion

The results of the film thickness measurements using the scoop for fully flooded grease lubrication
show a higher film thickness compared to the film thickness of the corresponding base oil. The EHD
contact is probably not only lubricated by the bleed oil, but also by parts of the thickener entering the
contact and cause a higher film thickness [11–15]. The appearance of the V-shape of the fully flooded
film formation with transition speed is in accordance with measurements in the literature [6–10,14].
Since the contact lubrication for lower speeds is mainly thickener dominated and for higher speeds
mainly bleed oil dominated [6,8,14,31], the film thickness forms a V-shape or plateau with a high gap
to base oil film thickness for rolling speeds below the transition speed. Due to the chaotic behaviour
of grease lubrication [30], the standard deviation error bars indicate a high scattering, particularly in
the thickener dominated low speed range. When comparing the scattering of both examined greases
under fully flooded lubrication in this speed range, the low error bars of PAG-Li-140 indicate a better
reproducibility and thus, a less chaotic behaviour.

The measurements with bleed oil of PAO-Li-100 and PAG-Li-140 show no significant difference
in comparison to their base oils. This correlates to the measured viscosities at 40 ◦C of the pure base
oils (Table 1) and the bleed oils (Table 2), which show no significant difference. Thus, it is assumed
that in this case, the properties of the bleed oils differ hardly from those of the base oils. The work
by Cousseau et al. and Goncalves et al. [2–4] shows, that bleed oil can form a higher film thickness
compared to the base oil. However, the authors point out, that this effect is based on the lubricant
properties, such as bleed oil viscosity, which depends on the grease composition. Moreover, the oil
extraction method could also affect the bleed oil properties. Goncalves et al. [32] extracted the oil from
the grease using a centrifuge, which might lead to different bleed oil properties when compared to the
oil extraction under static conditions using an apparatus described in Section 2.

By measurements under starved lubrication, i.e., without re-lubrication using the scoop, it was
possible to determine the onset of starvation for PAO-Li-100 at a rolling speed of approx. 600 mm/s and
for PAG-Li-140 at approx. 50 mm/s. A possible explanation for the onset of starvation on the
ball-on-disc tribometer is shown in Figure 9. After the ball pushed the grease aside and formed
a track into the applied grease film, bleed oil will be released from the sideward lying grease bulk
and flows towards the contact area [12,16,24]. The available amount of bleed oil in the running track
is dependent of the bleeding behaviour of the applied grease [27]. This bleed oil lubricates the EHD
contact at the next over rolling of the ball. The part of the bleed oil, which is not passing the EHD
contact, is displaced and flows back behind the ball. This mechanism is mainly driven by surface
tension forces, which is referred to as replenishment [17,25,26]. With higher rolling speeds, i.e., a higher
over rolling frequency, the time for the oil to replenish entirely before the next over rolling is limited.
Thus, the lubricant supply decreases, which results in a lower film thickness than under fully flooded
lubrication [17,24–26]. This starved lubrication regime leads to a film thickness decay, with a further
increase of rolling speed [17–22]. Hence, when the film thickness drops below the film thickness of the
fully flooded base oil lubricated contact, the onset of starvation can be determined [12,23]. Furthermore,
a part of the available lubricant sticks to the surface of the ball and is transported to adjacent machine
elements, like the ball carriage below the steel ball. This effect can additionally reduce the available
amount of lubricant for the film formation.
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Figure 9. Model of the procedure leading to starvation.

The results of the measurements with PAG-Li-140 grease show that the film thickness under
starved lubrication is lower than the film thickness under fully flooded lubrication for rolling speeds
up to approx. 2000 mm/s. Thus, it is assumed, that the contact is not supplied sufficiently with
lubricant, even at low rolling speeds. In the range up to 700 mm/s, the film thickness does not
increase with increasing rolling speed, but it stays nearly constant. This behaviour and the early onset
of starvation can be correlated with the bleeding behaviour of the PAG-Li-140 grease compared to
PAO-Li-100 grease. Figure 10 shows the film formation for both greases under starved lubrication and
the characteristic rolling speed leading to the onset of starvation for each grease is emphasised. Due to
the higher base oil viscosity of PAG, the film thickness of the base oil is slightly higher than of PAO base
oil. However, even though the base oil viscosity is higher, the film thickness of PAG-Li-140 is always
lower than of PAO-Li-100 up to a rolling speed of approx. 1000 mm/s and shows an earlier onset of
starvation. If the onset of starvation of both greases is compared with the results of the bleeding tests
in Table 2, the oil release from PAG-Li-140 is significantly lower with approx. 2.20 wt % than the oil
release from PAO-Li-100 with approx. 4.14 wt %. Thus, due to the lower oil release, the earlier onset of
starvation can be explained for the PAG-Li-140 grease. Since both greases are produced using the same
thickener, the differences in the lubricating film formation are probably affected by the different base
oil type in the grease composition. The base oil type significantly affects the formation of the thickener
structure [7,18,33–35], which probably leads to a different bleeding behaviour and thus to a different
lubrication mechanism. As already described, the PAG-Li-140 forms a lower film thickness and shows
an earlier onset of starvation in comparison with PAO-Li-100. Thus, the effect of the base oil type in
the grease composition on the film formation could be demonstrated and can probably be correlated to
the bleeding behaviour and hence the available lubricant supply during operation.
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Figure 10. Comparison of the onset of starvation for PAO-Li-100 and PAG-Li-140.

The standard deviation error bars of the measurement results under starved lubrication in
Figures 6 and 8 indicate a high scattering of the film thickness at low rolling speeds below 20 mm/s
for PAG-Li-140 and below 50 mm/s for PAO-Li-100 as well as at high rolling speeds above 1000 mm/s
for PAG-Li-140 and above 2000 mm/s for PAO-Li-100. However, in the essential range of the onset of
starvation, both greases show a lower scattering and thus, reliable measurement results. The scattering
in the range of low rolling speeds can be explained by the thickener dominated lubrication [6,8,14,31],
which leads to a more chaotic behaviour.

The increase in the film thickness above 2000 mm/s can be referred to a recovery phase [22].
As centrifugal forces are likely to increase with the rolling speed, i.e., the rotational speed of the disc,
grease bulk on the disc is being pushed towards the contact area, which leads to a higher lubricant
supply. This results to an increasing film thickness until a fully flooded lubrication can be reached.
However, the high scattering in this speed range indicates, that this effect is not consistent and can
hardly be controlled.

5. Conclusions

In this article, the results of film thickness measurements for two different grease compositions,
their corresponding bleed and base oils were discussed, and the following achievements can
be concluded:

• When comparing the investigated greases under fully flooded lubrication, it has been shown that
in both cases, the film thickness is higher than the one of the base oil. This is probably encouraged
by parts of the thickener, which enter the EHD contact area during operation.

• Since the viscosities at 40 ◦C of the pure base and bleed oils does not significantly differ, a formation
of a higher film thickness by the bleed oil in comparison to the base oil could not be identified for
the lubricants examined in this study. The bleed oil properties are probably depending on the
grease composition and the oil extraction method.

• High scattering of the results at low rolling speeds for both greases under fully flooded and starved
lubrication indicate a chaotic behaviour, which is probably due to the presence of thickener in the
contact. Moreover, high scattering of the results at high rolling speed under starved lubrication is
probably referred to centrifugal forces, which lead to a chaotic lubrication behaviour.
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• When investigating the film thickness under starved lubrication, the onset of starvation for both
greases could be determined at different rolling speeds. Thus, it has been emphasised, that the
base oil type in the grease composition significantly affects the film formation in EHD contacts
under starved lubrication. Furthermore, an early onset of starvation is likely due to a low oil
release of the grease, which can be correlated to the results of the bleeding tests.
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