
Friction behavior of grease-lubricated rolling contact and its dependence on 
grease film under starvation

Shuo Zhang a,* , Benjamin Klinghart a , Georg Jacobs a, Jianlong Xiao a, Yujun Wang a ,  
Florian König a,b, Marius Bürger a

a Institute for Machine Elements and Systems Engineering, RWTH Aachen University, Schinkelstrasse 10, Aachen 52062, Germany
b Soete Laboratory, Ghent University, 9052 Ghent, Belgium

A R T I C L E  I N F O

Keywords:
Grease
Rolling contact
Friction
Film thickness
Starvation

A B S T R A C T

Owing to the widespread use of grease-lubricated rolling bearings, friction losses remain a significant concern. 
When evaluating friction behavior, ball-on-disk tribometer tests are typically conducted under fully flooded 
conditions, whereas the grease supplied to the contacts in a rolling bearing is often starved. This study aims to 
determine whether grease supply conditions affect friction behavior and to clarify the correlation between 
friction behavior and the grease film under starved conditions. To achieve this aim, two tribometers are used to 
measure friction behavior and film thickness, respectively. The results show that the friction behavior under fully 
flooded conditions is not representative of that under starved conditions, due to variations in film formation. 
Under starved conditions, the traction coefficient is more sensitive to operating conditions and depends on the 
thickness and both components of the grease film.

1. Introduction

Approximately 20 % of the world’s total energy is consumed to 
overcome friction in tribological contacts, including those in various 
rolling bearings [1]. In rolling bearings, the friction losses are strongly 
influenced by the characteristics of the lubricating film [2]. Among 
various lubricants, grease is used in more than 90 % of rolling bearing 
lubrication applications [3]. Therefore, elucidating the friction behavior 
of grease-lubricated rolling bearings under various operating conditions 
provides insights into improving the frictional performance of bearing 
greases.

Although grease-lubricated rolling bearings are widely used, there is 
only a limited number of published studies on the friction behavior, as 
summarized in [4,5]. Among these limited studies, the ball-on-disk 
tribometer has emerged as one of the most widely employed experi
mental setups [5–12]. This popularity is primarily due to its ability to 
control key operating parameters and thereby enable deeper insights 
into mechanisms [11,13]. These advantages make it particularly suit
able for simulating the contact conditions typically encountered in 
practical rolling bearing applications. Therefore, ball-on-disk tribometer 
test is considered as a modern method for evaluating the friction 
behavior and lubrication mechanisms of grease-lubricated rolling 

bearings [4].
Tribometer testing methods have not yet been formally standardized 

[4]. When evaluating the friction behavior, tribometer tests typically 
utilize a scoop to maintain continuous re-lubrication of the contact 
[5–11]. Therefore, the contact inlet is always fully supplied with grease, 
which is referred to as a fully flooded condition [12,14]. Grease pri
marily consists of a thickener network and base oil, which behave as a 
plastic solid and a Newtonian fluid, respectively [15]. Under fully 
flooded conditions, grease is squeezed and sheared in the contact area 
and becomes a homogeneous glomerate of thickener and oil [16], as 
shown in Fig. 1(a). During high-speed operations, high shear rates lead 
to severe shear thinning of the thickener network such that the grease 
viscosity within the contact area approaches that of base oil viscosity 
[15,17]. Consequently, the grease film thickness is comparable to that of 
base oil and increases with increasing rolling speed [14,18]. In contrast, 
under low-speed conditions, the shear stress is relatively low. Therefore, 
the thickener network maintains a viscosity much higher than that of the 
base oil, thereby flowing more slowly than the base oil within the con
tact zone [15,19]. This leads to an increase in thickener concentration in 
the contact area [15,17,20], and consequently, an increase in grease 
viscosity [15,21]. Consequently, during low-speed operations, the 
grease film thickness is much higher than that of base oil and increases 

* Corresponding author.
E-mail address: shuo.zhang@imse.rwth-aachen.de (S. Zhang). 

Contents lists available at ScienceDirect

Tribology International

journal homepage: www.elsevier.com/locate/triboint

https://doi.org/10.1016/j.triboint.2025.111592
Received 10 July 2025; Received in revised form 10 December 2025; Accepted 17 December 2025  

Tribology International 216 (2026) 111592 

Available online 18 December 2025 
0301-679X/© 2025 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

https://orcid.org/0000-0002-7696-8312
https://orcid.org/0000-0002-7696-8312
https://orcid.org/0000-0002-6631-7065
https://orcid.org/0000-0002-6631-7065
https://orcid.org/0000-0002-3279-7179
https://orcid.org/0000-0002-3279-7179
https://orcid.org/0000-0003-0868-9140
https://orcid.org/0000-0003-0868-9140
mailto:shuo.zhang@imse.rwth-aachen.de
www.sciencedirect.com/science/journal/0301679X
https://www.elsevier.com/locate/triboint
https://doi.org/10.1016/j.triboint.2025.111592
https://doi.org/10.1016/j.triboint.2025.111592
http://crossmark.crossref.org/dialog/?doi=10.1016/j.triboint.2025.111592&domain=pdf
http://creativecommons.org/licenses/by/4.0/


with decreasing rolling speed. In summary, under fully flooded condi
tions, the grease film thickness typically exhibits a V-shaped curve as 
rolling speed increases [7,22]. Correspondingly, the friction behavior 
above the transition speed is governed by base oil type and its viscosity 
[5,10]. For a given oil type, the friction coefficient reduces with 
increasing temperature [5]. In contrast, below the transition speed, 
friction behavior is highly dependent on thickener type [8,11]. It may 
exhibit lower friction coefficients compared to those observed for base 
oils because thicker grease films reduce risks of asperity contacts [8,9, 
11].

In contrast to the tribometer test, grease lubrication in practical 
rolling bearings usually has two phases: the churning phase and the 
bleeding phase [23–25]. During the churning phase, some fresh grease is 
entrained into the contact area, while most of the grease is displaced to 
the track side [26]. The entrained grease can gradually form a solid-like 
thickener-rich layer as overrolling continues [16,27–31]. The churning 
phase usually is indicated by a rapid decrease in film thickness [14,25, 
31]. After the churning phase, the displaced grease cannot reflow back 
into the raceway without an external force due to its yield stress. 
Although certain aspects of bearing design and operation (spin, vibra
tion, cage effects) that could promote the intermittent reflow of bulk 
grease into the track [32], the grease supplied to contact inlet in prac
tical rolling bearings is often insufficient and starved [3,33]. Under 
starved conditions, the displaced grease usually acts as reservoir, which 
can slowly release oil to the track due to centrifugal force [34], gravity 
[35] or capillary force [36,37]. This process is referred to as oil bleeding. 
This bled oil can contribute to the separation of contacting surfaces by 
forming an elastohydrodynamic lubrication (EHL) film [31]. The 
thickness of oil film is closely related to the bleeding property of grease 
and operating conditions [14,16,25,31,32]. Depending on the formation 
of oil film, the total grease film thickness during bleeding phase can be 
slightly decreased, remain constant, or recover [23–25,31,38]. Conse
quently, the grease film under starved condition is composed of both the 
thickener-rich layer and the oil film induced by bled oil, as schematically 
shown in Fig. 1(b).

In summary, when evaluating the friction behavior of grease lubri
cation, ball-on-disk tribometer tests are typically conducted under fully 
flooded conditions. In contrast, grease-lubricated rolling bearings 
generally operate under starved conditions. The formation of the grease 
film under starved conditions differs from that under fully flooded 
conditions. Under starved conditions, the grease film consists of two 
components (thickener-rich layer and oil film, as shown in Fig. 1), 
whereas under fully flooded conditions, it is homogeneous. Therefore, 
variations in grease supply conditions may introduce uncertainties when 
extrapolating friction behavior from tribometer tests to real bearing 
applications. However, a comprehensive study on the effect of supply 
conditions on friction behavior using tribometers is still lacking. More
over, understanding the dependence of friction behavior on the grease 
film is essential for identifying potential strategies to improve the 

friction performance of bearing greases [5]. Under fully flooded condi
tions, the dependence of friction behavior on grease film has been 
clarified in [5,8–11]. However, under starved conditions, this depen
dence remains unclear due to the lack of understanding of friction 
behavior [9].

To address both of the aforementioned questions, this study aims to 
elucidate the influence of grease supply conditions on friction behavior 
and to clarify the correlation between friction and grease film under 
starved condition. To achieve this aim, first, friction behavior under 
fully flooded and starved conditions is evaluated for various greases and 
under different operating conditions. Subsequently, the grease film 
thickness under starved condition is measured and correlated with the 
friction behavior.

2. Martials and methods

2.1. Tested lubricants

Three greases are tested in this study, and their properties are listed 
in Table 1. These greases are composed of the same base oil but differ in 
thickener type. The selection of greases is primarily based on their 
popularity in rolling bearing applications. Lithium-thickened greases are 
the most widely used, whereas polyurea-thickened greases are regarded 
as potential alternatives. Therefore, one grease with a simple lithium 
thickener, one with a complex lithium thickener, and one with a poly
urea thickener are studied. The thickener concentrations are selected 
from commercially used thickener-base oil combinations to achieve a 
consistency of NLGI classes 2–3, which are commonly used in rolling 
bearing applications [33]. As a benchmark, the properties of the base oil 
are also listed. The primary focus of this study is to clarify the friction 
behavior under different grease supply conditions; therefore, no addi
tives are included in all greases and base oil. To isolate the influence of 
the thickener and the base oil, the friction behavior of base oil is 
measured separately.

contact areacontact area

(a) (b)

thickener-rich layeroil filmthickener/oil 
glomerate 

grease

Fig. 1. Schematic of lubricating film components under two supply conditions, (a) fully flooded condition, (b) starved condition.

Table 1 
Parameters for tested lubricants.

Lubricants Li-S-PAO Li-C-PAO PU-PAO PAO

NLGI 2 3 2 -
Base oil PAO PAO PAO -
Base oil viscosity 98.0 cSt (40◦C); 22.1 cSt (80◦C)
Viscosity-pressure 

coefficient
15 GPa− 1 (40◦C)

Thickener Lithium- 
simple

Lithium- 
complex

Polyurea -

Thickener concentration 9.5 % 14.5 % 14.1 % 0
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2.2. Friction measurement

In this study, the Mini Traction Machine (MTM), a ball-on-disk 
tribometer from PCS Instruments is used to measure traction coeffi
cient in grease-lubricated rolling contacts. Within the MTM tribometer, 
a ball is loaded against a flat disk to form a point contact. The ball and 
disk can rotate independently, allowing various slide-roll ratios. The 
traction force at the contact is measured using a torque transducer 
mounted between the ball housing and a fixed reference point. The load, 
rotational speed, and temperature are controllable, enabling a traction 
measurement under different conditions. More details of MTM trib
ometer have been introduced in [5–12,39].

The measurement process used in this study is shown in Fig. 2. As 
shown in Fig. 2(a), a grease applicator from PCS Instruments is used to 
ensure a consistent amount of grease for all conditions and to minimize 
the waste of grease. This applicator has 12 evenly distributed holes, 
through which grease droplets can be deposited onto the center of the 
disk track, as illustrated in Fig. 2(b).

After applying the grease, the MTM and the specimens, including the 
ball and the disk with the applied grease, are preheated to the targeted 
operating temperature. The MTM is heated using electrical cartridge 
heaters located in the channels of the lubrication pot, as detailed in [39]. 
The heating time varies depending on the targeted temperature. If the 
specimens are heated inside of MTM, the evaporation of base oil from 
the grease sample cannot be effectively controlled, practically at higher 
temperatures [40]. To eliminate this uncertainty, the testing specimens 
are preheated separately in an oven for 10 min to reach the operating 
temperature under all operating conditions in this study.

After preheating, the specimens are assembled onto the MTM. To 
ensure a consistent grease distribution, the grease is uniformly redis
tributed before tests using a grease scoop. The grease scoop is a PTFE 
assembly from PCS Instruments, which can collect and redistribute 
grease onto the track center [5]. The redistributed grease on the disk is 
shown in Fig. 2(c).

After redistribution, the traction coefficients are measured under two 
grease supply conditions. Under fully flooded condition, the test pro
cedure in this study is similar to that described in [5,6,10]. The grease 
scoop remains assembled on the MTM during testing. This setup allows 
grease to be fed through the contact sufficiently and continuously, as 
shown in Fig. 2(d). In contrast, under starved condition, grease scoop is 
removed from the MTM after redistribution, so that the grease can be 
displaced to the track side by overrolling, as shown in Fig. 2(e).

The measurement of traction coefficient under fully flooded condi
tion is repeated at least once to verify the repeatability. In contrast, the 
measurement under starved condition is repeated at least twice because 
of the poor repeatability [5]. For each operating condition new 

specimens (including disk and ball) are used.

2.3. Grease film thickness measurement

In this study, the ball-on-disk tribometer EHD2 from PCS Instruments 
is used to measure grease film thickness. The basic working principle of 
EHD2 is similar to that of the MTM, except that a glass disk is used. 
Additionally, a spectrometer is used to record the interference pattern 
generated by two light beams reflected from the bottom of the glass disk 
and the surface of the steel ball, respectively. Based on the recorded 
interference pattern, the central film thickness can be calculated [41]. 
Further details about the EHD2 tribometer are available in [14,42].

The measurement process using the EHD2 tribometer is shown in 
Fig. 3. Similar to traction measurement, fresh grease is applied to the 
glass disk using a grease applicator prior to the measurement, as shown 
in Fig. 3(a). Additionally, the applicator is used to distribute the grease 
uniformly on the disk. Afterwards, a narrow section of the disk, 
approximately 1.0 cm wide, is cleaned manually to remove the grease 
from that area. This action is designed to establish a reference point for 
measuring film thickness on the EHD2 tribometer [41].

After distributing, the specimens are preheated in an oven to the 
targeted operating temperature, following a procedure similar to that 
used for traction measurements. Simultaneously, the EHD2 tribometer is 
heated using its internal heaters. Subsequently, the heated disk is 
assembled into the tribometer, as shown in Fig. 3(b).

Once assembled, the tests are conducted under starved condition 
across various operating parameters. During overrolling, the grease is 
pushed by the ball to the track sides. Meanwhile, the grease film 
thickness, which is a superposition of the thickener-rich layer and the oil 
film, is measured using the spectrometer. Each grease film thickness test 
is conducted three times, utilizing a new ball specimen and a new track 
position on the disk for each trial.

Besides measuring the grease film thickness, the thickness of 
thickener-rich layers can also be assessed. The oil film is an EHL film that 
only forms between moving surfaces [43]. At the end of each test, the 
motor is halted, causing the oil film thickness to decrease to zero [16, 
42]. In contrast, the thickness of the thickener-rich layer remains un
changed by rolling speed once formed [43]. Consequently, the thickness 
of the thickener-rich layer can be evaluated at a standstill and under 
operating load conditions, after each measurement of grease film 
thickness.

The thickener-rich layer can be formed on both contacting surfaces 
[38,42]. The measurement methods for the thickness of the 
thickener-rich layer on each surface are shown separately in Fig. 3(c) 
and (d). As shown in Fig. 3(c), the thickness of the thickener-rich layer 
on the ball is first measured on the cleaned area of the disk, with the 

Fig. 2. Measurement process of traction coefficient using MTM, (a) grease applicator for MTM; (b) grease droplets on disk; (c) MTM tribometer; (d) setup for 
measuring traction coefficient under fully flooded condition; (e) setup for measuring traction coefficient under starved condition.

S. Zhang et al.                                                                                                                                                                                                                                   Tribology International 216 (2026) 111592 

3 



tribometer at standstill and under operating load. Subsequently, the 
thickness of the thickener-rich layer on the disk is measured using a 
cleaned ball, as shown in Fig. 3(d). This measurement is performed at six 
points along the corresponding track, with the tribometer at standstill 
and under the operating load. Prior to each measurement, the ball is 
cleaned. Additional information regarding the measurement of the 
thickener-rich layer can be found in [44]. To the best of the authors’ 
knowledge, this testing method for the thickener-rich layer was first 
proposed by Cann [16], and subsequently employed by other re
searchers [18,22,42].

2.4. Operating conditions

The operating and contact parameters used in this study are listed in 
Table 2. The disk materials used in MTM and EHD2 tribometers are 
different. The maximum contact pressure attainable with the EHD2 is 
0.7 GPa. Applying the same contact pressure to MTM results in an 
insufficient load (approximately 12.5 N). Under this load, the measured 
traction coefficient exhibits drift during overrolling, leading to signifi
cant errors, particularly during extended test durations [39]. Therefore, 
the contact pressure on MTM is set to 0.9 GPa. A similar approach is also 
adopted in [10]. When the scoop is removed, no mechanism promotes 
the reflow of displaced grease after churning. Therefore, the lubrication 
condition is generally considered to be starved [16,27]. However, if the 
test duration is too short or the rolling speed is too low, the residual 

grease on the track may still be sufficient to achieve a fully flooded 
condition. Therefore, these two parameters must be chosen carefully. In 
this study, 5000 disk revolutions are chosen based on our previous 
experience in [14,42] and also on the results in [12,25,31]. The rolling 
speeds are selected primarily on the basis of results reported by Fischer 
[45]. He used similar greases to those in this study and showed that 
grease film thickness started to decrease above 200 mm/s. Therefore, 
two relatively high rolling speeds, 200 mm/s and 600 mm/s, are 
selected. As temperature is the most influential factor in grease lubri
cation [46], two operating temperatures are selected. A direct in-situ 
measurement of the grease temperature is not feasible during testing. 
Instead, the air temperature adjacent to the disk and grease can be 
measured by the Lube Temp Probe. Although the grease temperature 
during operating may be slightly lower than this measured temperature, 
the difference between the grease temperature and the measured tem
perature is expected to be negligible due to preheating and the PTFE 
cover. Therefore, the temperature measured by the Lube Temp Probe is 
used as the indicator of the operating temperature in this study. To study 
the correlation between traction behavior and film thickness, the test 
duration for traction measurement is set to 5000 disk revolutions, 
matching that used in the film thickness tests [24].

3. Results and discussion

In the following two sections, first, the effect of supply conditions on 
friction behavior during overrolling and on stable friction behavior are 
presented. Subsequently, the dependence of friction behavior on grease 
film under starved conditions is discussed.

3.1. Effect of supply conditions on friction behavior

3.1.1. On friction behavior during overrolling
The friction behavior during overrolling under two supply conditions 

is compared using Li-C-PAO as a representative example to avoid 
extensive repetition, because all three greases tested in this study show 
similar behaviors. The traction coefficients for two other greases are 
provided in the Appendix 5.1. The traction coefficients at a given 
operating temperature and rolling speed are shown in Fig. 4. At the 
beginning of overrolling, the traction coefficients under both fully 
flooded and starved conditions are comparable. During the initial stage 
of overrolling (approximately 500 disk revolutions), the traction coef
ficient under fully flooded condition shows an oscillation and then be
comes stable until the end of the measurement. Throughout the test 
duration, the traction coefficient varies only slightly under fully flooded 
conditions. The variation range is approximately 0.014. A similar trac
tion behavior, including the oscillation, is also reported by Cann under 
fully flooded conditions [12].

In contrast, the traction coefficient under starved condition varies 

Fig. 3. Measurement process of grease film thickness using EHD2, (a) grease applicator for EHD2; (b) EHD2 tribometer; (c) setup for measuring the thickness of 
thickener-rich layer on the ball; (d) setup for measuring the thickness of thickener-rich layer on the disk.

Table 2 
Operating and contact parameters.

Parameter [Unit] MTM 
tribometer

EHD2 tribometer

Radius of ball specimen, Rball 9.525 mm
Elastic modulus of ball, Eball 207 GPa
Poisson’s ratio of ball, vball 0.29
Elastic modulus of disk, Edisk 207 GPa 75 GPa
Poisson’s ratio of disk, vdisk 0.29 0.22
Maximum Hertzian pressure, pHz 0.9 GPa 0.7 GPa
Radius of disk track, Rtrack 21.2 mm 38.5 mm
Critical film thickness between fully 

film lubrication and mixed 

lubrication, hλ = 3
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

σ2
disk + σ2

ball

√

28.7 nm 18.5 nm

Operating temperature, T 40◦C and 80◦C (Lube Temp Probe)

Rolling speed, ur =
udisk + uball

2
200 mm/s and 600 mm/s

Slide/roll ratio, SRR =
udisk − uball

ur

0

Test duration 5000 disk revolutions
approx. 56 min 
at 200 mm/s; 
approx. 19 min 
at 600 mm/s

approx. 90 min at 
200 mm/s; approx. 
30 min at 600 mm/s
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significantly during overrolling. The variation range is approximately 
0.052. It increases rapidly, then becomes stable after approximately 700 
disk revolutions. The stable traction coefficient is significantly higher 
than that observed under fully flooded condition.

The traction coefficients at a higher temperature are shown in Fig. 5. 
Similar traction behavior under both supply conditions is also observed 
at the beginning of overrolling. Under fully flooded condition, the 
traction coefficient remains nearly constant throughout overrolling, 
except for an initial oscillation at the beginning of the test. The variation 
range is approximately 0.018.

In contrast, the traction coefficient under starved condition increases 
significantly during the first approximately 300 disk revolutions. The 
variation range is approximately 0.035. Compared to that at a lower 
temperature (40◦C, as shown in Fig. 4), the traction coefficient at a 
higher temperature gradually decreases until the end of the measure
ment. Additionally, under starved condition, although the traction 
behavior varies with temperature, the maximum traction coefficient 
during overrolling remains consistent across both tested temperatures.

The effects of supply conditions on the traction coefficient at a higher 
rolling speed (ur=600 mm/s) and under two operating temperatures are 
shown in Fig. 6 and Fig. 7, respectively. Similar to the results at 
200 mm/s, the grease supply condition does not significantly affect the 
traction coefficient at the beginning of overrolling. Shortly after, the 
traction coefficients begin to diverge under two supply conditions as 
overrolling continues. Specifically, under fully flooded condition, the 
traction coefficient varies slightly, whereas under starved condition, it 
exhibits significant variation. Under starved condition, the traction co
efficient at 40◦C remains nearly constant after approximately 2000 disk 
revolutions, while that at 80◦C begins to decrease after approximately 
1000 revolutions. Notably, under starved conditions, the maximum 
traction coefficient during overrolling is not significantly affected by 
rolling speed or operating temperature, and remains approximately 
0.08.

3.1.2. On friction behavior under stable state
To quantitatively evaluate the effect of supply conditions on friction 

behavior, the stable traction coefficients under various conditions and 
greases are compared in this subsection. The stable traction coefficient 
in this study is defined as the average value between 4500 and 5000 disk 
revolutions. To better understand the lubrication condition, the traction 
coefficient of the base oil is also measured.

The stable traction coefficients under fully flooded condition are 
shown in Fig. 8. Under this condition, the traction coefficients of greases 
are comparable to that of the base oil. Specifically, at a lower rolling 
speed (200 mm/s, see Fig. 8a), the traction coefficients of grease lubri
cation are slightly higher than those of the base oil, expect for Li-C-PAO 

Fig. 4. Traction coefficients during overrolling under two supply conditions 
(Li-C-PAO; ur=200 mm/s; T = 40◦C).

Fig. 5. Traction coefficients during overrolling under two supply conditions 
(Li-C-PAO; ur=200 mm/s; T = 80◦C).

Fig. 6. Traction coefficients during overrolling under two supply conditions 
(Li-C-PAO; ur=600 mm/s; T = 40◦C).

Fig. 7. Traction coefficients during overrolling under two supply conditions 
(Li-C-PAO; ur=600 mm/s; T = 80◦C).

Fig. 8. Stable traction coefficient under fully flooded conditions, (a) 
ur= 200 mm/s, (b) ur= 600 mm/s.
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due to its high thickener concentration. When the rolling speed increases 
to 600 mm/s (see Fig. 8b), the traction coefficients of grease and oil 
lubrication are nearly identical. Additionally, the traction coefficients of 
all tested greases and the base oil decrease as the operating temperature 
increases from 40◦C to 80◦C. These observations are consistent with 
results from Laurentis et al. [5,10], who also reported that the traction 
coefficient under fully flooded grease lubrication is comparable to that 
under oil lubrication and decreases at elevated temperatures.

Under all operating conditions in this study, traction coefficients 
(TC) under fully flooded conditions exhibit a similar relationship for all 
greases and the base oil, which is as follows: 

TCLi− C− PAO > TCPU− PAO > TCLi− S− PAO > TCPAO.

The stable traction coefficients under starved conditions are shown 
in Fig. 9. Compared to fully flooded condition, the traction coefficients 
under starved condition are more sensitive to operating conditions for 
all tested greases. Specifically, within the operating conditions of this 
study, the maximum variation in traction coefficient under fully flooded 
condition is 0.006, 0.005, and 0.017 for Li-S-PAO, Li-C-PAO, and PU- 
PAO, respectively. In contrast, the maximum variation under starved 
condition is 0.160, 0.025, and 0.018 for Li-S-PAO, Li-C-PAO, and PU- 
PAO, respectively.

Notably, although Li-S-PAO maintains the lowest traction coefficient 
under fully flooded conditions in this study, the traction coefficient 
under starved conditions is particularly sensitive to operating condi
tions. Compared to fully flooded condition, the traction coefficient 
under starved condition shows not only a dramatic increase at 
ur= 200 mm/s and T= 40◦C, but also an even lower value at 
ur= 200 mm/s and T= 80◦C.

Due to the divergent traction coefficients of Li-S-PAO, the relation
ship among the tested greases becomes more complex under starved 
condition:

TCLi− S− PAO ≥ TCLi− C− PAO > TCPU− PAO > TCPAO at ur= 200 mm/s and 
T= 40◦C; and ur= 600 mm/s and T= 40◦C;

TCLi− C− PAO > TCPU− PAO > TCLi− S− PAO ≈ TCPAO at ur= 200 mm/s and 
T= 80◦C;

TCLi− C− PAO > TCLi− S− PAO > TCPU− PAO > TCPAO at ur= 600 mm/s and 
T= 80◦C.

It can be observed that the relationship between greases and base oil 

is highly dependent on the operating condition.
In summary, the grease supply condition has a considerable effect on 

the stable traction coefficients. Specifically, under fully flooded condi
tion, the traction coefficients have a consistent relationship for the 
tested greases, with Li-S-PAO maintaining the lowest traction coefficient 
under all operating conditions in this study. In contrast, under starved 
condition, this relationship no longer holds, and the grease with the 
lowest traction coefficient strongly depends on the operating conditions. 
These findings are consistent with bearing-level friction measurements 
reported by Muennich and Gloeckner in [47]. They show that under 
fully flooded condition, the friction torques induced by various greases 
follow a consistent relationship and remain higher than that of the base 
oil when the rolling speed exceeds approximately 150 mm/s. In 
contrast, under starved conditions, this relationship becomes more 
complex, particularly at higher speeds.

This indicates that when using a ball-on-disk tribometer to pre- 
screen greases for rolling bearings, it is not sufficient to rely solely on 
friction measurements under fully flooded condition, because grease- 
lubricated rolling bearing generally operate under starved condition, 
and the grease supply condition has a considerable effect on the friction 
behavior. The potential mechanisms underlying these differences are 
discussed in the following section.

3.2. Dependence of friction behavior on grease film under starvation

In the last section, the effect of supply conditions on the traction 
coefficient during overrolling and their stable values are presented for 
various operating conditions and greases. In this section, the underlying 
mechanisms are discussed by correlating the measured traction coeffi
cient with the formed grease film.

As shown in Fig. 4 to Fig. 7, at the beginning of overrolling, grease 
supply condition dose not significantly affect traction behavior. As 
indicated by Cann [16,27,29,48], at the beginning of overrolling, bulk 
grease is entrained into contact under both grease supply conditions. 
Additionally, according to measurements of film thickness reported in 
[49], similar film thicknesses can be formed under both fully flooded 
and starved conditions at the beginning of overrolling. In summary, 
formed grease films under both supply conditions exhibit similar com
ponents and thicknesses at the beginning of overrolling. Therefore, 
similar traction coefficients can be observed.

As overrolling continues, a nearly constant traction coefficient dur
ing overrolling is observed under fully flooded condition. Under this 
condition, the contact is continuously re-lubricated because of the 
scoop, and the contact area is consistently supplied with grease [14,25]. 
Therefore, the grease film remains unchanged [9,25]. Additionally, as 
shown in Fig. 8, the measured traction coefficient under fully flooded 
conditions is only slightly higher than that of base oil lubrication and 
decreases with increasing temperature. These observations are consis
tent with the conclusions reported in [5]. By correlating with film 
thickness, it is concluded the grease traction coefficient under fully 
flooded conditions is governed by the base oil viscosity within the 
so-called ‘high-speed region’ [5]. This ‘high-speed region’ encompasses 
the rolling speeds investigated in this study. Therefore, the correlation 
under fully flooded conditions is not repeatedly addressed in this study.

In contrast to fully flooded condition, where the dependence of 
traction behavior on grease film has been clarified in [5,8–11], such a 
study under starved condition is not yet available due to the lack of 
traction measurements. In the following two subsections, the measured 
traction coefficient and film thickness are correlated to clarify the 
dependence of traction behavior on grease film under starved condition.

3.2.1. Dependence during overrolling
Similar to the friction behavior during overrolling, Li-C-PAO is used 

as a representative example to avoid extensive repetition, because all 
three greases tested in this study show similar behaviors. The grease film 
thicknesses of two other greases are provided in the Appendix 5.2.

Fig. 9. Stable traction coefficient under starved conditions (traction co
efficients of base oil are tested under fully flooded conditions), (a) 
ur= 200 mm/s, (b) ur= 600 mm/s.
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The traction coefficient and grease film thickness during overrolling 
are shown simultaneously in Fig. 10. As indicated in [23–25], grease 
lubrication during overrolling can be divided into two phases: the 
churning phase and the bleeding phase. The churning phase is charac
terized by a rapid decrease in film thickness [14]. As shown in Fig. 10, 
the churning phase continues until approximately 1700 disk revolu
tions. During the churning phase, some fresh grease is entrained into the 
contact area, while most of the grease is displaced to the sides of the 
track [26]. The entrained grease at the track center is continuously 
squeezed by the contact pressure. Driven by the contact-pressure 
gradient, the base oil flows laterally to the sides through the porous 
structure of thickener, as simulated in [15,24]. Consequently, the 
thickener concentration in the residual grease at the track center in
creases during overrolling [20,24]. Eventually, a solid-like thick
ener-rich layer is formed [6,16,17,20,22,30,38,42,44,48]. The increase 
of thickener concentration also leads to a significant rise of viscosity [15, 
17,24]. Therefore, the dramatic increase of traction coefficient at first 
700 disk revolutions can be attributed to the formation of thickener-rich 
layer during the churning phase.

As overrolling continues, the grease film thickness remains nearly 
constant. A nearly constant film thickness indicates no considerable oil 
film is formed during the bleeding phase, although fluctuations in film 
thickness are observed. These fluctuations can be attributed to the 
presence of thickener particles in the contact zone. Except for these 
fluctuation events, the thickener-rich layer continues to dominate the 
separation of the contact surface until the end of the test. Therefore, the 
traction coefficient remains stable under this operating condition.

Notably, the turning point from churning phase to bleeding phase of 
the traction coefficient occurs earlier than that of film thickness. This 
can be attributed to that the disk materials in MTM and EHD2 tribometer 
are different. Therefore, the contact pressure in measuring traction co
efficient is higher than that in measuring film thickness. A higher contact 
pressure promotes the formation of a thickener-rich layer, as demon
strated by experimental measurements in [44]. Consequently, the 
turning point of the traction coefficient occurs earlier than that of film 
thickness.

At a higher operating temperature of 80◦C, the traction coefficient 
and grease film thickness are shown in Fig. 11. Under this condition, the 
churning phase in film thickness measurement ends at approximately 
800 disk revolutions. Consequently, the traction coefficient increases 
during the first approximately 300 disk revolutions due to the previously 
mentioned increase in thickener concentration and viscosity of the 
thickener-rich layer. In comparison to 40◦C, the churning phase ends 
earlier, because a higher temperature reduces the resistance of oil 
flowing through the porous structure of thickener [50]. As a result, the 
thickener-rich layer can be formed with less disk revolutions.

During the bleeding phase, in contrast to the stable grease film 
thickness at 40◦C, the grease film thickness at 80◦C increases gradually 
during overrolling. Additionally, film thickness fluctuations induced by 
the thickener particles is absent at 80◦C. Both observations can be 

attributed to the formation of a higher thickness of oil film. When the 
viscosity becomes lower at higher temperature, more bled oil is avail
able to form an oil film component [29,50]. In addition, the reduction in 
viscosity can decrease film thickness. Under severe starved condition 
and in the mixed lubrication regime, if the effect of bleeding promotion 
cannot compensate for the effect of viscosity reduction, the friction may 
increase as temperature increases. In this study, a thicker oil film is 
formed at 80◦C. Therefore, the effect of bleeding promotion dominates. 
The viscosity of base oil is often 1000 times smaller than that of the 
thickener-rich layer [19,24]. When the oil film gradually separates the 
thickener-rich layers on both surfaces of disk and ball, the interaction 
between these two layers weakens. Consequently, consistent with the 
film thickness, the traction coefficient continuously decreases during the 
bleeding phase. In compared to 40◦C where the traction is mainly 
induced by the thickener-rich layer, the traction coefficient at 80◦C is 
reduced considerably after 1000 disk revolution due to the formation of 
oil film.

To confirm the correlation between traction behavior and grease film 
thickness, the traction coefficient and grease film thickness measured at 
a higher rolling speed (ur=600 mm/s) and under two operating tem
peratures are shown in Fig. 12 and Fig. 13, respectively.

Similar to the correlation observed at 200 mm/s and 40◦C, during 
the churning phase at 600 mm/s and 40◦C in Fig. 12, the film thickness 
decreases while the traction coefficient increases. Subsequently, a rela
tively stable grease film is formed. Correspondingly, the traction coef
ficient stabilizes until the end of the test. At 600 mm/s and 80◦C in 
Fig. 13, the correlation between the traction coefficient and film thick
ness is also similar to that observed under a rolling speed of 200 mm/s at 
80◦C. The film thickness decreases during the churning phase, then re
covers during the subsequent bleeding phase. In accordance with 
changes in film thickness, the traction coefficient initially increases 
before subsequently decreasing.

Additionally, in comparison to other operating conditions, the 
churning phase at 600 mm/s and 40◦C requires more disk revolutions, 

Fig. 10. Dependence of traction coefficient on grease film thickness during 
overrolling under starvation, with turning points marked with red dots (Li-C- 
PAO; ur=200 mm/s; T = 40◦C).

Fig. 11. Dependence of traction coefficient on grease film thickness during 
overrolling under starvation, with turning points marked with red dots (Li-C- 
PAO; ur=200 mm/s; T=80◦C).

Fig. 12. Dependence of traction coefficient on grease film thickness during 
overrolling under starvation, with turning points marked with red dots (Li-C- 
PAO; ur=600 mm/s; T=40◦C).
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as shown in Fig. 12. The film thickness does not stabilize even after 5000 
disk revolutions. One possible reason is the higher overrolling frequency 
associated with increased rolling speeds [42]. When the rolling fre
quency is higher, the time for oil flowing through the porous structure of 
thickener becomes shorter during each overrolling. Another reason can 
be attributed to the lower temperature, which increases the viscosity of 
the base oil and thereby increases the resistance to oil flow within the 
thickener structure [51]. Consequently, additional disk revolutions are 
required to form a thickener-rich layer during the churning phase at 
600 mm/s and 40◦C, and the resulting film thickness is higher than that 
at 600 mm/s and 80◦C.

In summary, under starved condition, the traction coefficient during 
overrolling depends on the evolution of grease film. During the churning 
phase, the dramatic increase in the traction coefficient can be attributed 
to the formation of a thickener-rich layer, which possesses a very high 
concentration of thickener and viscosity. During the bleeding phase, the 
traction coefficient can decrease when the oil film is formed efficiently. 
Additionally, the maximum values of the traction coefficient occur at the 
turning point from the churning phase to the bleeding phase, where the 
grease film primarily consists of a thickener-rich layer. Once formed, 
this layer is speed- and temperature-independent [43,44,51]. Therefore, 
the maximum traction coefficients under all tested operating conditions 
are nearly identical.

3.2.2. Dependence under stable state
As aforementioned, the stable traction coefficients under starved 

conditions are more sensitive to operating conditions. In this subsection, 
the underlying mechanisms are discussed by correlating the stable 
traction coefficient with the stable grease film. The film thicknesses at 
two operating temperatures are shown in Fig. 14. As discussed in the 
previous subsection, there are two components of the grease film: the 

thickener-rich layer and the oil film. For better illustration, the thick
nesses of both components are plotted separately for all tested greases. 
Additionally, the Hamrock-Dowson equations are employed to calculate 
the lubricating film thickness formed by the base oil [52]. The accuracy 
of these equations has been validated for the conditions considered in 
this study [45].

First of all, it can be observed that the total grease film thickness 
formed by Li-S-PAO at 200 mm/s and 40◦C is lower than the critical film 
thickness of traction measurement (hλ,MTM), which indicates the occur
rence of asperity contact. In contrast, grease films formed by all other 
greases exceed the hλ,MTM. This explains why the traction coefficient 
induced by Li-S-PAO under this condition is significantly higher than 
those of all other greases and conditions, as shown in Fig. 9(a).

Additionally, as shown in Fig. 14, the thicknesses of oil films formed 
by greases are lower than those formed by base oil PAO, except for PU- 
PAO grease which will be discussed later. This indicates that the amount 
of bled oil remains insufficient. Therefore, when the operating temper
ature increases from 40◦C to 80◦C, the lower viscosity promotes addi
tional bleeding of oil, allowing for a thicker oil film to be formed. 
Furthermore, when the operating temperature increases, the total grease 
film thickness, which is a superposition of thickener-rich layer and oil 
film, increases considerably for all tested greases, as shown in Fig. 14. 
This increase can primarily be attributed to an increase in oil film 
because changes in thickener-rich layer remain slight across both 
operating temperatures. Therefore, increasing the operating tempera
ture not only reduces the viscosity of oil film, but more importantly, 
promotes the formation of oil film to reduce the traction between 
thickener-rich layers. Consequently, the traction coefficient decreases at 
a higher operating temperature, as shown in Fig. 9(a).

Therefore, the high sensitivity of the traction coefficient under 
starved conditions can be attributed to its dependence not only on the 
thickness of the grease film, but also on the both components of the 
grease film. When the grease film thickness is insufficient to avoid 
asperity contact, the traction coefficient is maximized. Within the full 
film lubrication regime, when the thickener-rich layer dominates the 
grease film, such as in the case of Li-C-PAO at 200 mm/s and 40◦C, the 
traction coefficient is considerably higher than that of base oil lubrica
tion, as shown in Fig. 9(a). In contrast, in the case of Li-S-PAO at 
200 mm/s and 80◦C, the thickness of the oil film is nearly twice that of 
the thickener-rich layer. The formed oil film can effectively reduce 
traction induced by the thickener-rich layers on both disk and ball sur
faces. Therefore, under this condition, the traction coefficient is reduced 
to a value comparable to that of base oil lubrication, as shown in Fig. 9
(a).

In summary, for each grease working under starved condition, the 
correlation between the traction coefficients (TC) induced by asperity 
contact and both components is as follows: 

TCasperity contact > TCthickener− rich layer > TCoil film.

To verify the aforementioned correlation, the stable grease film 
thickness at a higher rolling speed is shown in Fig. 15. For Li-S-PAO, the 
total grease film at 600 mm/s and 40◦C is higher than that at 200 mm/s 
and 40◦C, but remains thinner than the critical film thickness (hλ,MTM). 
Therefore, under this condition, the traction force is reduced but con
tinues to be partially attributed to asperity contact. Consequently, it 
remains considerably higher than that of all other greases, as shown in 
Fig. 9(b). At a rolling speed of 600 mm/s and a temperature of 80◦C, the 
thicknesses of both components increase while asperity contact is 
eliminated. Therefore, the traction coefficient is reduced significantly 
compared to that at 600 mm/s and 40◦C. Additionally, the thicknesses of 
oil films formed by Li-S-PAO are lower than those formed by base oil 
PAO. This indicates that the amount of bled oil remains insufficient. 
When the bled oil volume is insufficient, the oil film thickness decreases 
with increasing rolling speeds [53–55]. Consequently, the traction co
efficient increases as rolling speeds rise.

Fig. 13. Dependence of traction coefficient on grease film thickness during 
overrolling under starvation, with turning points marked with red dots (Li-C- 
PAO; ur=600 mm/s; T=80◦C).

Fig. 14. Stable grease film under starved conditions when ur= 200 mm/s.
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For Li-C-PAO, the thickness of oil film at 600 mm/s and 40◦C is 
higher than that at 200 mm/s and 40◦C, as shown in Fig. 15. According 
to aforementioned relationship, the traction coefficient at 600 mm/s 
and 40◦C should be lower. However, it is actually comparable to that at 
200 mm/s and 40◦C, as shown in Fig. 9. This derivation can be attrib
uted to the measurement method of thickener-rich layer. As shown in 
Fig. 12, the film thickness remains unstable even after 5000 disk revo
lutions. Therefore, it is reasonable to believe the churning phase has not 
finished by the end of the test, and thickener-rich layer still has a high oil 
saturation. Consequently, when measuring the thickness of the 
thickener-rich layer under standstill conditions, some base oil is 
squeezed out from this layer, resulting in a lower thickness than its 
actual value during overrolling. In other words, a higher thickness of oil 
film is measured than the actual value during overrolling. At 600 mm/s 
and 80◦C in Fig. 15, the thickness of oil film is lower compared to that at 
200 mm/s and 80◦C, because of insufficient bled oil volume. Conse
quently, the traction coefficient becomes higher when rolling speed in
creases, as shown in Fig. 9. This observation aligns with the previously 
mentioned correlation.

The aforementioned correlation also explains the difference of be
tween Li-S-PAO and Li-C-PAO. As shown in Figs. 14 and 15, the grease 
film formed by Li-C-PAO is sufficient to avoid the mixed lubrication at 
40◦C, while the contact lubricated using Li-S-PAO operates in mixed 
lubrication regime. Therefore, Li-C-PAO reduces the traction coefficient 
at 40◦C. When the temperature increases to 80◦C, the thickness of the 
thickener-rich layer formed by Li-C-PAO is much higher than that 
formed by Li-S-PAO at 200 mm/s, but only slightly higher at 600 mm/s. 
This pattern can be attributed to the difference in the thickener con
centration. As indicated in [24], a higher thickener concentration can 
promote the formation of thickener-rich layer. Therefore, at 80◦C the 
traction coefficient of Li-C-PAO is much higher than that of Li-S-PAO at 
200 mm/s (see Fig. 14) and slightly higher at 600 mm/s (see Fig. 15). 
Additionally, it should be noticed that the correlation between traction 
behavior and grease film in this study is concluded for a given grease 
working under various conditions. The effect of thickener concentration 
on this correlation should be further studied.

For PU-PAO, an increase in temperature also results in a thicker 
grease film, as shown in Fig. 15, which indicates an increase in the oil 
film. Correspondingly, the traction coefficient decreases at elevated 
temperatures, as shown in Fig. 9. This observation is consistent with 
those of the other two greases. Additionally, the measured thicknesses of 
the thickener-rich layer are significantly greater than those of the other 
two greases. The possible reason can be attributed to the fact that pol
yurea thickener exhibits excellent adhesive properties on chromium 
surfaces [38]. Furthermore, the thickener-rich layer formed by PU-PAO 
is relatively soft [38]. Consequently, the measured thicknesses of the 

thickener-rich layer formed by PU-PAO exhibit significant variation 
despite additional measurements being taken. This may explain why the 
measured thickness of oil film exceeds that of base oil at 200 mm/s and 
80◦C in Fig. 14. It may also account for negative values observed for oil 
film thickness at a rolling speed of 600 mm/s in Fig. 15.

In summary, to minimize the traction coefficient under starved 
conditions, the PU-PAO and Li-C-PAO greases are recommended at the 
lower temperature in this study, because they can form sufficient grease 
film thickness to prevent asperity contact. In contrast, at the higher 
temperature, the Li-S-PAO grease can be considered, because its oil film 
component is dominated in the formed grease film. Meanwhile, it should 
be noted that traction coefficient of Li-S-PAO grease under starved 
condition is sensitive to operating conditions. Therefore, when pre- 
screening greases, it is essential to conduct the tribometer tests under 
starved condition, which is a more practical condition in grease- 
lubricated rolling bearings.

4. Conclusions

The ball-on-disk tribometer test is considered as a modern method 
for evaluating the lubricity of grease-lubricated rolling bearings. How
ever, current tribometer tests are typically conducted under fully floo
ded conditions, whereas the grease supplied to contacts in rolling 
bearings is often starved. This study aims to clarify whether grease 
supply conditions affect friction behavior and to study the correlation 
between friction and grease film under starved condition. To achieve 
this aim, two ball-on-disk tribometers, MTM and EHD2, are used to 
measure traction coefficient and film thickness, respectively. The key 
findings can be summarized as follows: 

1) The supply condition significantly affects the friction behavior of 
grease-lubricated rolling contact. The traction coefficient under fully 
flooded conditions exhibits only slight variations during overrolling, 
whereas significant changes are observed under starved conditions. 
Under fully flooded conditions, the stable traction coefficients have a 
consistent relationship. However, under starved conditions, this 
relationship is not valid, and traction coefficients are more sensitive 
to the operating conditions.

2) Under staved conditions, the traction coefficient during overrolling 
depends on the evolution of grease film. During the churning phase, 
the formation of a thickener-rich layer leads to a higher traction 
coefficient. Subsequently, during the bleeding phase, the formation 
of an oil film can reduce the traction coefficient.

3) Under starved conditions, the stable traction coefficient depends not 
only on the thickness of the grease film but also on both components 
of the grease film. Under the full film lubrication regime, an increase 
in the thickness of the oil film component can reduce the traction 
coefficient.

The findings from this study highlight the essential role of tribometer 
tests conducted under starved lubrication for pre-screening greases, 
because grease-lubricated rolling bearings typically operate under this 
condition. However, it remains unclear whether the starved condition 
reproduced on the ball-on-disk tribometer faithfully reflects that in 
practical grease-lubricated rolling bearings. As an outlook, the results 
obtained in this study will be compared with those from a bearing test 
rig to assess the transferability of the tribometer tests.
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Fig. 15. Stable grease film under starved conditions when ur= 600 mm/s.
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Appendix

Friction behavior during overrolling

When grease Li-S-PAO is used as the lubricant, the traction coefficients during overrolling under two supply conditions are shown in Figs. 16–19. 
Similar to grease Li-C-PAO, the traction coefficients exhibit only slight variations during overrolling under fully flooded conditions, whereas sig
nificant changes are observed under starved conditions. Specifically, under starved conditions, the traction coefficient increases at the beginning of 
overrolling subsequently remines approximately constant at 40◦C or decreases at 80◦C.

Fig. 16. Traction coefficients during overrolling under two supply conditions (Li-S-PAO; ur=200 mm/s; T = 40◦C)

Fig. 17. Traction coefficients during overrolling under two supply conditions (Li-S-PAO; ur=200 mm/s; T = 80◦C)
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Fig. 18. Traction coefficients during overrolling under two supply conditions (Li-S-PAO; ur=600 mm/s; T = 40◦C)

Fig. 19. Traction coefficients during overrolling under two supply conditions (Li-S-PAO; ur=600 mm/s; T = 80◦C)

When grease PU-PAO is used as the lubricant, the traction coefficients during overrolling under two supply conditions are shown in Figs. 20–23. 
Similar to grease Li-C-PAO, the traction coefficients exhibit only slight variations during overrolling under fully flooded conditions, whereas sig
nificant changes are observed under starved conditions. Specifically, under starved conditions, the traction coefficient increases at the beginning of 
overrolling subsequently remines approximately constant at 40◦C or decreases at 80◦C. Although the decrease of the traction coefficient at 600 mm/s 
and 80◦C is not obvious, the coefficient remains considerably lower than that at 600 mm/s and 40◦C.

Fig. 20. Traction coefficients during overrolling under two supply conditions (PU-PAO; ur=200 mm/s; T = 40◦C)

Fig. 21. Traction coefficients during overrolling under two supply conditions (PU-PAO; ur=200 mm/s; T = 80◦C)
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Fig. 22. Traction coefficients during overrolling under two supply conditions (PU-PAO; ur=600 mm/s; T = 40◦C)

Fig. 23. Traction coefficients during overrolling under two supply conditions (PU-PAO; ur=600 mm/s; T = 80◦C)

Dependence of friction behavior on grease film under starvation during overrolling

When grease Li-S-PAO is used as the lubricant, the dependence of friction behavior on the grease film under starvation is shown in Figs. 24–27. 
Similar to grease Li-C-PAO, during the churning phase, the formation of a thickener-rich layer leads to a higher traction coefficient. Subsequently, 
during the bleeding phase, traction coefficient is reduced when an oil film can be formed with sufficient film thickness at a higher temperature.

Fig. 24. Dependence of traction coefficient on grease film thickness during overrolling under starvation, with turning points marked with red dots (Li-S-PAO; 
ur=200 mm/s; T = 40◦C)

Fig. 25. Dependence of traction coefficient on grease film thickness during overrolling under starvation, with turning points marked with red dots (Li-S-PAO; 
ur=200 mm/s; T = 80◦C)

S. Zhang et al.                                                                                                                                                                                                                                   Tribology International 216 (2026) 111592 

12 



Fig. 26. Dependence of traction coefficient on grease film thickness during overrolling under starvation, with turning points marked with red dots (Li-S-PAO; 
ur=600 mm/s; T = 40◦C)

Fig. 27. Dependence of traction coefficient on grease film thickness during overrolling under starvation, with turning points marked with red dots (Li-S-PAO; 
ur=600 mm/s; T = 80◦C)

When grease PU-PAO is used as the lubricant, the dependence of friction behavior on the grease film under starvation is shown in Figs. 28–31. 
Similar to grease Li-C-PAO, during the churning phase, the formation of a thickener-rich layer leads to a higher traction coefficient. Subsequently, 
during the bleeding phase, the traction coefficient is reduced when an oil film can be formed with sufficient film thickness at a higher temperature. 
Fluctuation in grease film thickness can be attributed to the presence of thickener particles, as explained in Section 3.2.

Fig. 28. Dependence of traction coefficient on grease film thickness during overrolling under starvation, with turning points marked with red dots (PU-PAO; 
ur=200 mm/s; T = 40◦C)

Fig. 29. Dependence of traction coefficient on grease film thickness during overrolling under starvation, with turning points marked with red dots (PU-PAO; 
ur=200 mm/s; T = 80◦C)
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Fig. 30. Dependence of traction coefficient on grease film thickness during overrolling under starvation, with turning points marked with red dots (PU-PAO; 
ur=600 mm/s; T = 40◦C)

Fig. 31. Dependence of traction coefficient on grease film thickness during overrolling under starvation, with turning points marked with red dots. (PU-PAO; 
ur=600 mm/s; T = 80◦C)
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