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A B S T R A C T   

In a previous investigation, greases with two different thickeners, namely lithium complex (LiX) and poly-
propylene (PP), and three different base oil viscosities were investigated in fretting with varying displacement 
amplitude, applied normal load and material combination. The tribological behavior of grease in fretting is 
extremely complex. Very different lubrication effects were found for the same grease type, depending on test 
conditions. The grease properties (thickener type and base oil viscosity) together with the applied normal load, 
displacement amplitude and the material combination all influence the prevailing fretting regime. The aim of the 
present paper is to unravel the lubrication mechanisms of LiX and PP greases in fretting. Cross sections of selected 
wear marks from the fretting tests are presented and they are, together with the results from the fretting maps 
presented in the previous investigation, used as tools to better understand the mechanisms. The exact lubrication 
mechanisms of the two thickener types are not yet fully understood and confirmed but a lubrication model is 
suggested, based on the present knowledge and hypotheses.   

1. Introduction 

Fretting can occur in vibrating contacts between metallic bodies and 
can for instance lead to problems in electrical contacts that are supposed 
to be stationary. For electrical contacts, the fretting damage may result 
in formation of insulating films on the contacting surfaces, which in turn 
lead to steeply increased contact resistance. Low contact resistance in 
high-power applications is often fulfilled by applying thin coatings of 
soft contact materials on harder substrates, and using high contact loads, 
typically 10–100 N. The combination of a silver coating on a copper 
substrate is very common. The friction and wear can be reduced by 
various types of lubricants and today most electrical contacts in high- 
power applications are lubricated with oil or grease. 

The tribological as well as rheological properties of greases thick-
ened with lithium complex (LiX) and polypropylene (PP), respectively, 
often manufactured to be as similar as possible, have been evaluated 
during the recent years. Leckner and Westbroek investigated LiX and PP 
greases in rolling element bearings and found that the lubricating 
mechanism of PP greases differ significantly from that of LiX greases 
[1–3]. The differences were linked to the properties of the PP thickener. 

A lubrication mechanism for PP greases in bearings was presented. 
Calderon et al. [4] performed tests of LiX and PP greases in ball bearings 
using conditions typical for electric vehicle motors. PP greases resulted 
in 21.5% lower energy consumption compared to the LiX grease. Shu 
et al. [5] examined the thickener and additive interactions on the 
lubricating performance of LiX and PP greases using both continuous 
and reciprocating tests with a wide range of operating conditions. In 
these tests, the thickener played an important role in the tribofilm for-
mation process. Gonçalves and co-workers investigated the tribological 
and rheological properties of LiX and PP greases, including film thick-
ness and friction behavior, effect of thermal ageing, thickener content, 
etc. [6–10]. 

To the best of our knowledge, no studies except our own previous 
work [11–13] have evaluated and compared LiX and PP greases in 
fretting at varying contact conditions. In Refs. [11,12] the two grease 
types were investigated in fretting of silver-coated copper (Ag/Cu) cyl-
inders simulating electrical contacts. The LiX and PP greases showed 
dissimilar lubricating abilities when varying the displacement ampli-
tude at a constant applied normal load. In Ref. [13], the fretting inves-
tigation included both thickener types, each with three different base oil 
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viscosities, varying applied normal load and two material combinations, 
namely Ag/Cu versus Ag/Cu and steel versus steel. Manufacturing two 
grease types as identical as possible, so that the only difference between 
them is related to the thickener, facilitates the interpretation of the 
fretting results and the understanding of what factors that influence the 
lubricating ability of the grease. 

Generally, the mechanisms explaining the reduced damage of grease- 
lubricated fretted surfaces, i.e., how the grease protects, are poorly 
understood [14], in particular the influence of the contact geometry 
[15]. Therefore, it is also not known why different greases have different 
effects, and no models for how a grease should be optimized for good 
protection against fretting damage exist. The present paper sets out to 
unravel the complex lubrication mechanisms of LiX and PP greases in 
fretting contacts and is a continuation of the work in Ref. [13]. In our 
strive towards a greater understanding, we describe the various contact 
appearances and try to correlate those to the test conditions. A new 
model for the complex mechanisms of grease-lubricated fretting is 
presented. 

2. Materials and methods 

The present paper is a continuation of the work in Ref. [13], where 
fretting tests were conducted on Ag/Cu versus Ag/Cu cylinders (surface 
roughness, Sa, of approximately 0.25 μm) and steel versus steel cylinders 
(surface roughness, Sa, of approximately 0.16 μm), at varying normal 
load and displacement amplitude. Ag/Cu vs Ag/Cu is an important 
material combination for electrical contacts and this combination was 
evaluated in fretting in our previous work [11–13]. The combination 
steel vs steel (ball bearing steel, AISI 52100/100Cr6) was added to 
better understand the role of material combination and contact load. 
The cylinders were 10 mm in diameter and 20 mm long. The Ag coating 
on Cu was about 20 μm thick. The hardness of the Cu substrate was 107 
± 6 HV and of the Ag coating 42 ± 6 HV. The hardness of the steel was 
820 ± 39 HV. 

The fretting tests in Ref. [13] were conducted with a crossed cylin-
ders configuration. In this setup, the upper cylinder is fixed and mounted 
perpendicularly to the lower cylinder, which is attached to a vibrating 
table that vibrates along the cylinder axis. The force was applied by a 
spring, a strain gauge was used to measure the tangential force and an 
accelerometer was used to record the motion of the vibrating table. The 
friction coefficient was calculated from the RMS value of the tangential 
force divided by the normal force. Each fretting test lasted for 105 cycles 
and was run at a frequency of 100 Hz in room temperature and room 
atmosphere. The displacement amplitudes were set to ±25 μm (low), 
±50 μm (intermediate) and ±200 μm (large), corresponding to 50, 100 
and 400 μm peak-to-peak amplitudes, respectively. The applied normal 
load varied between 5 and 80 N. The contacts were lubricated with 
greases based on two thickener types, LiX and PP, each with the base oil 
viscosities 10, 50 and 100 cSt (kinematic viscosity at 100 ◦C). Hence, six 
greases were evaluated, denoted LiX-10, LiX-50, LiX-100, PP-10, PP-50 
and PP-100. Unlubricated reference tests were conducted at ±50 μm. 
The frequency, load (50 N) and crossed cylinders configuration are 
representative of many Ag/Cu power connectors. The steel cylinders 
were tested with the same parameters to evaluate the influence of ma-
terial combination on the lubrication result. The selected displacement 
amplitudes cover a wide span of interest when evaluating and 
comparing lubricating properties of greases. All test details, as well as 
the SEM analysis of the grease thickeners, are presented in Ref. [13]. 

The present study focuses on the fretting tests performed at 50 N load 
using displacement amplitudes ±50 and ± 200 μm [13], with special 
emphasis on the wear marks formed. In the previous study [13], it was 
found that unlubricated Ag/Cu cylinders tested using ±50 μm and 50 N 
load quickly form a weld between the two cylinders, which lasts 
throughout the fretting test. When lubricating this contact with LiX 
grease, a weld forms very quickly, but breaks again a few thousand 
cycles later, and gross slip commences. The higher the base oil viscosity, 

the longer the welded regime lasts. The PP-50 and PP-100 greases also 
show this weld formation and breakage phenomenon. However, for 
Ag/Cu contacts lubricated with PP-10, no weld forms and gross slip is 
enabled from start. At ±200 μm and 50 N load, all six greases enable slip 
from test start. The steel cylinders tested using ±50 μm and 50 N load all 
weld, both when unlubricated and when grease lubricated, and these 
welds last throughout the test. At ±200 μm, all greases enable slip. The 
LiX greases offer quite low and stable friction, while tests with the PP 
greases show periods with high unstable friction and the surfaces are 
more worn than when lubricated with LiX. Obviously, the test condi-
tions and the fretting regime influence the appearance of the wear 
marks. 

Due to material flow during the fretting tests, the final contact area of 
Ag/Cu cylinders typically grows significantly from the initial one. This 
behavior is in the present paper called contact area growth and has 
previously been investigated for Ag/Cu cylinders by Kassman Rudolphi 
et al. [15,16]. 

The wear marks on the cylinders were in Ref. [13] analyzed by SEM 
(Zeiss Merlin), energy dispersive X-ray spectrometry (EDS, Oxford 
X-max) and vertical scanning interferometry (VSI, Zygo Nexview). In the 
present paper, some of the SEM images from Ref. [13] are presented in a 
new way to illustrate the contact conditions and contact evolution 
during the fretting tests. Further, to better understand the material flow 
and deformation of Ag/Cu and steel during fretting under varying 
lubricating conditions, cross sections of wear marks on the stationary 
cylinders were made for the following tests presented in Ref. [13]:  

• Ag/Cu cylinders tested using ±50 μm displacement amplitude: 
unlubricated, LiX-10, PP-10 and LiX-100  

• Steel cylinders: LiX-10 tested using ±50 μm and PP-10 tested using 
±200 μm displacement amplitude. 

The cross sections were prepared by cutting the stationary cylinder 
perpendicular to its axis, i.e., parallel to the direction of vibration on the 
vibrating countersurface. The cut was made beneath the wear mark and 
the cylinder was subsequently mounted in bakelite mounting resin 
suitable for SEM (PolyFast, Struers), after which the sample was ground 
and polished to desired height. The grinding and polishing steps were 
performed several times to reveal new cross sections of the same wear 
mark. SEM was used to analyze all cross sections and EDS (10 kV) was 
used for the Ag/Cu cylinders. The cross sections were cleaned in an ul-
trasonic bath 5 min in ethanol, prior to analysis. In the presented SEM 
images, the bakelite mounting resin above the cylinder is masked with 
black color for clarity. 

3. Results 

3.1. Pre-set displacement amplitude ±50 μm and 50 N applied normal 
load 

3.1.1. Ag/Cu cylinders 
Massive plastic deformation of the Ag/Cu cylinders occurs during 

fretting, as evident from this and our previous work [11–13]. The wear 
marks on the stationary cylinders lubricated with LiX-10 and PP-10 are 
presented in Fig. 1. The initial static (elastic) contact diameter, the 
displacement amplitude, the initial swept area, and the final contact 
diameter are indicated. The final contact areas are considerably larger 
than the initial swept areas, about 7 and 4 times larger in the LiX-10 and 
PP-10 case, respectively. The material deformation outside the final 
contact diameter is due to material flow in the vibration direction. 

An unlubricated reference test quickly results in a stable weld, which 
lasts throughout the fretting test [13]. A cross section through such a 
contact area on the stationary cylinder is shown in Fig. 2. Most of the Ag 
coating in the contact is intact, see Fig. 2b. The coating thickness is about 
10–20 μm in the mid region. Material from the inner part of the contact 
has been pushed out towards the periphery, forming ridges with a 
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Fig. 1. Appearance of the contact areas on 
the stationary cylinder from tests performed 
using a pre-set displacement amplitude of 
±50 μm on Ag/Cu cylinders lubricated with 
LiX-10 (a) and PP-10 (b). The estimated 
initial static (elastic) contact diameter, the 
estimated final diameter, the displacement 
amplitude and the initial swept area on the 
vibrating countersurface are indicated. The 
cylinder axis is perpendicular to the direc-
tion of vibration of the countersurface, as 
indicated by the arrow in a).   

Fig. 2. Appearance of the contact area on 
the stationary Ag/Cu cylinder from an 
unlubricated test, performed using a pre-set 
displacement amplitude of ±50 μm. The 
cylinder axis is perpendicular to the direc-
tion of vibration of the countersurface, as 
indicated in a). a) Overview of the contact 
area in top view. The solid line indicates the 
position of the cross section. b) Overview of 
the cross section. The bottom dashed line 
indicates the curvature of the cylinder, and 
the top dashed line indicates that the contact 
area has become flattened. c)–f) Details of 
the top- and cross-section views. The Cu 
fragments indicated with white lines are ar-
tifacts from the specimen preparation 
procedure.   
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thickness of about 40 μm. Corresponding valleys are formed on the 
vibrating countersurface (not shown). Close to the left contact periphery 
in Fig. 2b, Cu has been fully exposed by Ag removal all the way down to 
the Cu substrate, see Fig. 2b–d. This is not commonly observed for these 
types of contacts, and it could be a result of a local defect in the coat-
ing/substrate interface or an effect of the weld breaking post testing. 
Further, Cu and Ag has become mixed in the formed ridges. Cracks, 
sometimes all the way through the Ag coating, are typically found along 
the contact edges (Fig. 2d and f). The cross-section views indicate that 
the contact area growth is mainly caused by plastic deformation of the 
Ag coating. 

Also when lubricating the Ag/Cu cylinders with LiX-10, a weld first 
forms. However, this weld breaks after some thousand fretting cycles. 
While welded, the appearance of the contact area on the stationary 
cylinder is similar to the unlubricated case shown in Fig. 2, except from 
not showing the distinct cracks at the contact periphery. This is based on 
findings in Ref. [11], where the fretting damage progression was studied 
by stopping the fretting test after different number of cycles and 
analyzing the contact areas. However, during the breakage of the weld, 
Ag and Cu mix, especially in the central part of the contact area (Fig. 3). 
Further, the thickness of the Ag coating is reduced in many places. On 
the corresponding vibrating cylinder, the coating thickness increases, i. 
e., material transfer between the two cylinders is common. Furthermore, 
Ag is typically pushed down below the original interface between Ag and 
Cu, and Cu is pushed up into the Ag coating. For these LiX-10 lubricated 

contacts, the contact area growth is a result of plastic deformation of 
both the Ag coating and the Cu substrate. 

The longer the time in the welded regime, the larger the contact area 
grows, and the more the material deforms. Cylinders lubricated with 
LiX-100 show extensive deformation and much more Ag and Cu inter-
mixing than the cylinders lubricated with LiX-10, see Figs. 4 and 5. In 
the central region of the contact, the turbulent-like plastic flow of Ag and 
Cu has created an intricate vortex pattern, as shown in Fig. 5. The weld 
last longest in the mid region of the contact. This region therefore shows 
the most severe material deformation. On the stationary cylinder pre-
sented in Fig. 4a, Cu is exposed in a large part of the contact area, as 
indicated by the EDS map in Fig. 4b. The corresponding VSI image of the 
contact area is presented in Fig. 4c. The contact area growth is a result of 
plastic deformation of both the Ag coating and the Cu substrate. 

For Ag/Cu cylinders lubricated with PP-10, the contact area growth 
is generally a result of material flow of the Ag coating. A cross section 
through such a contact area shows an intact Ag coating with just slight 
deformation in the top part (results not shown). 

3.1.2. Steel cylinders 
The steel cylinders tested with LiX-10 and PP-10 using a ±50 μm 

displacement amplitude weld as soon as the initial grease in the contact 
has been ejected. The contacts show no contact area growth, see Fig. 6. 
Hence, the initial static contact area is closely equal to the final area. In 
cross section, the wear mark in Fig. 6a shows limited plastic 

Fig. 3. Appearance of the contact area on 
the stationary Ag/Cu cylinder from a test 
performed using a pre-set displacement 
amplitude of ±50 μm, lubricated with LiX- 
10. The cylinder axis is perpendicular to 
the direction of vibration of the countersur-
face, as indicated in a). a) Overview of the 
contact area in top view. The solid lines 
indicate the positions of the cross sections. 
b) Overview of cross section 1. c) Detail of 
b), and corresponding EDS map in d), 
showing the distribution of silver, copper, 
carbon and oxygen. e) Overview of cross 
section 2. f) Detail of e) and corresponding 
EDS map in g).   
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deformation, see Fig. 7. However, cracks form in the central part as well 
as at the periphery of the contact, as exemplified in Fig. 7c–e. Further, 
regions with deformation in the direction of the vibrating countersur-
face are also present (Fig. 7c). 

3.2. Pre-set displacement amplitude ±200 μm and 50 N applied normal 
load 

At ±200 μm, the final contact areas on the Ag/Cu stationary cylin-
ders lubricated with LiX-10 and PP-10, respectively, have grown about 7 
times compared with the initial contact area, see Fig. 8a and b, and they 
are larger than the initial swept area on the vibrating cylinder. No cross 
sections have been made through these contacts, but the contact area 
growth is most likely mainly caused by plastic deformation of the Ag 
coating. This is based on the cross section made on Ag/Cu cylinder 
lubricated with PP-10 using ±50 μm. Such a test immediately entered 
the slip regime and the cylinders were sliding relative each other with 
low and stable friction, as for the Ag/Cu cylinders lubricated with LiX 
and PP greases at ±200 μm. 

The final contact area on the stationary steel cylinder lubricated with 
LiX-10 is about 3 times larger than the initial contact area and is less 
than the initial swept area on the vibrating cylinder (Fig. 9). Hence, the 
lubrication is sufficient in reducing the metal-to-metal contact and the 
contact area growth using ±200 μm. The contact area on the stationary 
cylinder lubricated with PP-10 is about 10 times as large as the initial 
contact area, which is larger than the initial swept area on the vibrating 
cylinder. PP-10 does not sufficiently reduce the surface damage. The 
cross section made through the wear mark on the steel cylinder lubri-
cated with PP-10 using a ±200 μm displacement amplitude (the same 
wear mark as presented in Fig. 9b), shows the material deformation, see 

Fig. 10. The wear mark is uneven and show signs of adhesive wear. 
Down to a few μm below the surface the steel has plastically deformed, 
causing holes and cracks, as exemplified in Fig. 10c and d. 

4. Discussion 

The grease-lubricated fretting experiments presented in the related 
study [13] clearly demonstrated that parameters such as normal load, 
displacement amplitude, material combination, contact area growth, 
thickener type, base oil viscosity, chemical effects, etc., all influence the 
lubrication properties of the grease, the weld-preventing effect of the 
grease, as well as which fretting regime will prevail. LiX and PP greases 
have shown different capabilities of preventing weld, in other words 
retaining the fretting contact in the slip regime. In the slip regime, the 
wear of grease-lubricated contacts is generally much less than that of 
unlubricated contacts. Especially for the steel contacts, it is important to 
remain in well-lubricated slip to avoid massive wear. Ag/Cu cylinders 
show some self-healing capabilities, i.e., when lubricated, the rough 
broken welds formed in the temporary weld regime adapt to the slip 
contact by readily smoothening out. Note that in the present crossed 
cylinders tests, run at relatively high load and low speed vibrations, full 
film lubrication will not form, but the contact will stay in the boundary 
lubrication regime. 

In the following sections, the complex lubrication behavior of LiX 
and PP greases in fretting is discussed and a model for the lubrication 
mechanisms is presented. 

Fig. 4. Appearance of the contact area on 
the stationary Ag/Cu cylinder from a test 
performed using a pre-set displacement 
amplitude of ±50 μm lubricated with LiX- 
100. The cylinder axis is perpendicular to 
the direction of vibration of the countersur-
face, as indicated in a). a) Overview in top 
view (SEM). The solid lines indicate the po-
sitions of the three cross sections in Fig. 5. b) 
and c) Corresponding EDS map (showing the 
distribution of silver, copper, carbon and 
oxygen) and topographical image (VSI).   
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4.1. Proposed lubrication mechanisms involved in grease lubrication of 
fretting contacts 

While the exact mechanisms are not yet fully understood and 
confirmed, we still find it helpful to suggest a lubrication model based on 
the present knowledge and hypotheses. The model describes the lubri-
cation differences found for LiX and PP greases in the present study and 

is intended to be useful for future grease development and when 
selecting greases for various contact applications. The model is based on 
the presented fretting contacts between Ag/Cu cylinders and between 
steel cylinders, tested using 50 N load and pre-set displacement ampli-
tudes of ±50 and ± 200 μm. The difference between the two displace-
ment amplitudes for steel cylinders is schematically illustrated in 
Fig. 11. The grease can easier enter the fretting contact at the large 

Fig. 5. Cross sections of the contact area on the stationary Ag/Cu cylinder from a test performed using a pre-set displacement amplitude of ±50 μm and lubricated 
with LiX-100. a), b) and e) Overviews of cross sections 1–3, respectively. c) Detail of the central part of cross section 2, and d) the corresponding EDS map showing 
the distribution of silver, copper, carbon and oxygen. 

Fig. 6. Appearance of the contact areas on the stationary cylinder from tests performed using a pre-set displacement amplitude of ±50 μm on steel cylinders 
lubricated with LiX-10 and PP-10, respectively. The cylinder axis is perpendicular to the direction of vibration of the countersurface, as indicated in b). The initial 
static (elastic) contact diameter and the displacement amplitude are indicated. 
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displacement than at the smaller, as also reported in Refs. [14,17–21]. 
During testing, the grease will be differently affected when within and 
when close to the fretting contact. It seems logical that the grease will 
become mechanically degraded when exposed to high contact pressures 
and high shear forces. During testing, it is possible that the grease 
constituents take part in tribochemical reactions on the surfaces. 
Therefore, the chemical composition of the grease can be important for 
what tribofilms that may form, as demonstrated by Ref. [5]. 

4.1.1. Ag/Cu cylinders at a pre-set displacement amplitude of ±50 μm 
At small displacement amplitudes the lubrication ability of greases 

based on low-viscosity oil (LiX-10 and PP-10) is affected by both the oil 
viscosity and the thickener properties, while the lubrication ability of 
LiX-50, LiX-100, PP-50 and PP-100 greases is primarily affected by the 
oil viscosity. 

PP-10 is the only grease that separates the surfaces and immediately 

allows slip (Fig. 4 in Ref. [13]). The PP thickener is able to remain in and 
close to the contact under the prevailing contact conditions. Further, the 
nanoparticles of about 40–150 nm that are part of the PP structure, see 
Fig. 12, are believed to enter the contact together with the low-viscosity 
oil, thus effectively lubricating the surfaces, similarly as in Ref. [26]. 
Thickener lumps, much larger than the nanoparticles, are probably also 
entering the contact. A reference test with the oil blend used in PP-10 
and LiX-10, shows that the contact welds shortly after test start and 
this weld keeps intact during the test [13]. Thus, the oil alone is not able 
to lubricate the surfaces. The PP thickener must therefore contribute to 
the lubrication film in the case of PP-10. Hence, both oil and thickener 
enter the contact in the case of PP-10. 

The LiX-10 grease is not able to separate the surfaces and does not 
immediately allow slip. The LiX-thickener is pushed out from the fret-
ting contact by the combination of contact pressure and vibration. A 
contact weld forms quickly when the vibration starts and breaks up some 

Fig. 7. Appearance of the contact area on the stationary steel cylinder from a test performed using a pre-set displacement amplitude of ±50 μm, lubricated with LiX- 
10 (same as in Fig. 6a). The cylinder axis is perpendicular to the direction of vibration of the countersurface, as indicated in a). a) Overview in top view. The solid line 
shows the position of the cross section. b) Overview of the cross section. c–e) Details of the cross section, positions as indicated in b). 
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thousands cycles later. The welding-and-breakage mechanism is pro-
posed to include the following stages:  

• The grease initially present in the contact is gradually ejected, 
typically during the first 1–2 s of vibration. The loss of lubricant 
results in a rapid friction increase, and direct contact between the 
metal surfaces. A contact weld is then quickly initiated, and the 
welded contact area grows from partial to reaching a gross weld 
[11].  

• The high friction and associated shear stresses, lead to extensive 
plastic surface deformation and thus contact area growth.  

• Cracks and cavities gradually form along the contact periphery. 
These cracks and cavities act as entrance channels, allowing the 
vibrating motion to progressively feed the ejected grease back into 
the contact.  

• When the weld starts breaking in the periphery, the Ag coating and 
the Cu substrate become mixed in the central part, where the weld 
last longest. The longer time in the weld regime, the more extensive 
Ag/Cu intermixing.  

• The central weld finally breaks. The contact then enters the gross slip 
regime. The grease can now remain in the contact due to changes in 
the contact situation. The contact pressure is reduced due to the 
contact area growth and since the contacting surfaces are flattened, 
the initial pressure gradient, that together with the vibration, was the 
driving force for the grease ejection, no longer exists.  

• Also tests with LiX-50, LiX-100, PP-50 and PP-100 show this weld 
formation and breakage phenomenon, only with longer lasting welds 
(Fig. 4 in Ref. [13]). The lubrication properties of these greases 
depend on the oil viscosity and do not differ between the two 
thickeners. The difference found between LiX and PP grease with oil 
viscosity of 10 cSt does not remain at higher oil viscosities. Larger 
cracks and cavities than for LiX-10 are probably needed to allow the 
grease back into the contact. 

4.1.2. Ag/Cu cylinders at a pre-set displacement amplitude of ±200 μm 
The longer displacement at the ±200 μm tests, each stroke allows a 

more efficient collection of grease from the outer regions to be fed into 
the central contact area, as illustrated in Fig. 11b. Consequently, all 
tested greases can enter and lubricate the fretting contact. The thickener 

Fig. 8. Appearance of the contact areas on the stationary cylinder from tests performed using a pre-set displacement amplitude of ±200 μm on Ag/Cu cylinders 
lubricated with LiX-10 and PP-10, respectively. The cylinder axis is perpendicular to the direction of vibration of the countersurface, as indicated in a). The initial 
static (elastic) contact diameter, the displacement amplitude, the initial swept area on the vibrating countersurface, and the final contact diameter are indicated. 

Fig. 9. Appearance of the contact areas on the stationary cylinder from tests performed using a pre-set displacement amplitude of ±200 μm on steel cylinders 
lubricated with LiX-10 and PP-10, respectively. The cylinder axis is perpendicular to the direction of vibration of the countersurface, as indicated in a). The initial 
static (elastic) contact diameter, the displacement amplitude, the initial swept area on the vibrating countersurface, and the final contact diameter are indicated. 
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type and oil viscosity have lower impact than at ±50 μm, but still the oil 
viscosity has a strong influence on the friction level during slip [13]. 

4.1.3. Steel cylinders at a pre-set displacement amplitude of ±50 μm 
When the contact pressure is high, (in our tests the maximum Hert-

zian pressure was about 1.7 GPa for the initial static contact) and the 
displacement amplitude small, as in Fig. 11a, none of the tested greases 
can enter the contact. Hence, a weld is formed for all grease types as 
soon as the initially present grease is ejected. This weld does not break 
during the fretting tests. In contrast to the Ag/Cu case, the steel shows no 
contact area growth or formation of cracks and cavities along the contact 
rim. 

4.1.4. Steel cylinders at a pre-set displacement amplitude of ±200 μm 
As for the Ag/Cu cylinders, at ±200 μm the grease more easily enters 

the central contact area between the steel cylinders due to the more 
efficient collection of grease from outside the high-pressure area, see 
Fig. 11b. 

The steel cylinders lubricated with LiX grease are mildly worn and 
well protected from adhesive wear, see Fig. 9a. As mentioned, various 
types of tribofilms may form on the surfaces and the grease constituents 
may be part of such films. In the case of LiX grease, the surface films may 
contain lithium, which possibly improves the surface protection. These 
films are believed to form at high contact pressures when the thickener 
locally is degraded, and metal-to-metal contact occur. 

The steel cylinders lubricated with the PP greases are severely worn, 
see Fig. 9b. When the PP grease no longer sufficiently separates the 

surfaces, metal-to-metal contact is established, causing adhesive wear 
and periods of high unstable friction [13]. From time to time, the grease 
is able to replenish the contact and thereby lowering the coefficient of 
friction. The large displacement amplitude helps the grease into the 
contact, independent of oil viscosity. Grease with high oil viscosity 
improve the lubrication conditions, possibly because the effect of the 
thickener is diminished when the oil viscosity is high. 

4.2. Basis of the lubrication model 

4.2.1. Possible explanations why PP grease for certain contact conditions is 
superior to LiX grease 

At small displacement amplitudes and relatively low contact pres-
sures, the PP grease was found to be superior to LiX greases (e.g., Ag/Cu 
at ±50 μm). To be able to lubricate the fretting contact at small 
displacement amplitudes a grease must i) remain close to the contact 
and ii) be able to enter the contact. To enter the contact and contribute 
to the separation of the sliding surfaces, the size of the thickener frag-
ments formed is believed to be an important factor. PP-based greases 
have been reported to be more efficient at entering various types of 
contacts than corresponding LiX greases, resulting in thicker films and 
thereby more efficient lubrication in rolling contacts [3,6,22]. There are 
several possible hypotheses that can explain this and the first one pre-
sented here is related to thickener shear stability. Shear stability is a 
measure of the ability of a grease to maintain its consistency when 
mechanically worked between sliding surfaces, in other words, the 
ability of the thickener to avoid degradation. The LiX thickener consists 

Fig. 10. Appearance of the contact area on 
the stationary steel cylinder from a test 
performed using a pre-set displacement 
amplitude of ±200 μm, lubricated with PP- 
10. The cylinder axis is perpendicular to 
the direction of vibration of the countersur-
face, as indicated in a). a) Overview in top 
view. The solid line shows the position of the 
cross section. b) Overview of the cross sec-
tion. c) Detail of the cross section, as indi-
cated in a) and b). d) Combined inclined 
view of the top and cross sections of the re-
gion in c), after removing the bakelite 
mounting resin.   
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of lithium soap molecules that are organized in a fiber network kept 
together by van der Waals forces. When the LiX thickener degrades, the 
soap molecules first align, followed by fiber length reduction, similar to 
what Zhou et al. [23] reported for simple lithium grease. During this 
process, mainly van der Waals interactions between the lithium soap 
molecules are broken. The PP thickener is a macromolecule, which 
degradation requires covalent carbon bonds to be broken by 
beta-scissoring [24,25]. Much more energy is required to break a co-
valent C–C bond compared to breaking van der Waals interactions, 
indicating that the PP thickener may be more shear stable than the LiX 
thickener. However, Leckner and Westbroek [3], found no differences in 
shear stability between LiX-10 and PP-10 at moderate shear forces when 
the two grease types were investigated in a roll stability test. This test 
evaluates the greases by cone penetration, and this measure may not be 
able to distinguish changes in the grease structure that gives effect in the 
present fretting tests. Further, the grease was probably not as affected by 

the roll stability procedure as in the fretting tests. SEM examination of 
grease that has been affected by the fretting contact would be valuable, 
but since this volume is only a small proportion of the total amount of 
grease included in the test, it has not been possible to separate and 
collect the affected grease. 

The second hypothesis is linked to the difference in thickener 
structure. Based on the thickener appearance in Fig. 3 in Ref. [13] and 
Fig. 12 in the present paper, it is possible that the two thickener types 
will degrade differently during shear. The PP grease with small particles 
on the thickener structure were hypothesized by Muller et al. [26] to 
behave as a highly stable grease reservoir, that close to the rolling 
contact behaves as a nano-fluid releasing nanoparticles with the base oil 
in the contact. Thus, the PP thickener particles can easily enter the 
contact due to their small size and contribute to the lubricant film 
thickness. Hence, the LiX fragments are probably too far away, or of the 
wrong size, to enter the contact. 

A third hypothesis is linked to solubility of thickener fragments in the 
oil. PP fragments are probably well dissolved in the oil and would, if this 
is true, much easier than LiX enter the contact. Further, different flow 
properties of LiX and PP greases may also be an influencing factor. 

4.2.2. Possible explanations why LiX grease for certain contact conditions is 
superior to PP grease 

PP-10 exhibits a lubricating collapse when exposed to a combination 
of high contact pressures and intermediate and large displacement 
amplitudes (e.g., steel contacts tested using ±200 μm, as evident from 
the fretting map in Fig. 12d in Ref. [13]). Other studies, report that the 
long polypropylene thickener molecules are degraded when exposed to 
very high shear forces and high contact pressures [3,20]. Based on this, 
the PP thickener may start to degrade at high normal loads and large 
displacement amplitude, even in the short fretting tests, reducing its 
lubricating ability. If this is true or not must be further investigated. 
However, based on the friction curves (in Ref. [13]) and wear mark 
appearance of the PP-lubricated steel contacts at ±200 μm (Fig. 9b), the 
potential thickener degradation occurs rapidly, causing long 
high-friction periods. Due to the large displacement amplitude, fresh 
grease can enter the contact. From time to time, the friction is reduced, 
which could indicate that fresh grease has entered the contact and that it 
has not yet been completely degraded. Another aspect is that the rheo-
logical properties of PP and LiX greases may have strong influence on 
their chance to remain in and close to the contact. More studies are 
needed to explain the lubricating difference found for LiX and PP greases 
on steel cylinders at intermediate and large displacement amplitudes. 

The LiX structure is probably also altered during use in the fretting 
contacts. Results from tribological tests by Roman et al. [27], showed 
that the thickener structural changes for different thickener types 
(anhydrous calcium, lithium complex and lithium-calcium complex) 
were dependent on both the severity of the frictional testing and the 
grease composition. Their results indicate that test parameters such as 
rotational speed, thickener type and thickener structure have a clear 
impact on the thickener structure degradation. By atomic force micro-
scopy (AFM) and SEM, Lin and Meehan [28] characterized the micro-
structure of degraded LiX grease from axle roller bearings operating in 
urban commuter trains. The thickener of fresh grease showed a fibrous 
microstructure of randomly oriented, often self-twisted, fibers. This 
fibrous network was transformed into irregularly shaped nanoparticles 
in medium and heavily used grease samples. So, the LiX structures are 
probably degraded also in the fretting contacts of the present study. 
However, based on the friction curves (in Ref. [13]) and wear mark 
appearance of the LiX-lubricated steel cylinders tested using ±200 μm 
(Fig. 9a), the surfaces are well protected and have not run completely 
dry. This indicates that the PP structures are more severely degraded 
than the LiX structures, or that also other mechanisms are active. The 
LiX grease may lead to other types of tribofilms than the PP grease can. 
This is further discussed below. 

The LiX-lubricated steel surfaces are well protected against adhesive 

Fig. 11. Schematic view of the grease-lubricated fretting contacts at 50 N load. 
a) and b) Steel cylinders tested using a pre-set displacement amplitude of ±50 
μm (100 μm peak-to-peak) and ±200 μm (400 μm peak-to-peak), respectively. 
The circles indicate the initial Hertzian contact area, with a contact diameter of 
235 μm, in the middle and at the two turning positions of the stroke. 

Fig. 12. Appearance of the PP-10 thickener microstructure in SEM.  
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wear. It remains to be investigated if this effect is in fact related to the 
composition of the tribofilms, which may include lithium. As observed 
by Shu et al. [5], the thickener type played an important role in the 
tribofilm formation process. PP-lubricated surfaces, on the other hand, 
are less protected. Surface oxides are formed on both LiX and 
PP-lubricated surfaces, and the wear marks are similar in appearance 
when both greases sufficiently lubricate the surfaces throughout a fret-
ting test. However, when the PP grease fails in separating the contacts 
(Fig. 9b), the metal-to-metal contact increases and the surfaces are worn 
adhesively. 

4.2.3. Suggested experiments for model validation 
To validate the model, further investigations are needed to learn 

which factors that play a role in the lubrication mechanisms of LiX and 
PP greases. For instance, evaluation of grease shear stability when 
simulating the fretting conditions, as well as more detailed thickener 
structure analysis before, during and after tribotesting would be a useful 
start. Regarding surface analysis of tribofilms containing lithium, a 
conventional EDS detector is unable to detect lithium, and analysis of 
elements of low atomic number is generally challenging. In previous 
work, X-ray photoelectron spectroscopy (XPS) was used to analyze LiX- 
lubricated steel surfaces [12]. However, as further elaborated in 
Ref. [12], detection of small amounts of lithium on steel surfaces is 
challenging with XPS since the sensitivity for lithium is low and the Li1s 
and Fe3p signals overlap. So, surface analysis techniques able to detect 
lithium in small concentrations on steel would enrich the understanding 
of the lubrication mechanisms. Auger electron spectroscopy (AES), 
which is a surface sensitive method able to detect lithium, could be one 
alternative. 

Further, information about the lubricant film thickness during fret-
ting tests would be valuable. The difference in chemistry of PP (hydro-
carbon molecule with low polarity) and LiX (polar organic salt) may lead 
to different affinity to metal surfaces, which could alter the tribological 
interactions in the contact. The affinity may also vary between different 
materials, here between Ag/Cu and steel, which could influence how 
well the grease can lubricate the metal surfaces. 

The effect of contact geometry should be investigated to better un-
derstand if it can alter the lubricating results of the greases. For instance, 
a ball-on-disc geometry could be used as a complement to the crossed 
cylinders used in the present study. Further, the flow properties of the 
greases and how it can influence the lubrication situation should be 
investigated. 

4.3. Implications for future grease development and use in various contact 
applications 

The suggested model is far from complete and is just a part of the 
explanation to the observed differences between LiX and PP greases in 
fretting contacts. However, the model is one way to start unraveling the 
complexity of grease lubrication in fretting, the influence of thickener 
type, base oil viscosity, contact conditions, etc. As shown in the present 
study, grease lubrication in fretting is complex and far from fully un-
derstood. The choice of both thickener and oil viscosity clearly has an 
impact in fretting. Being aware of the contact conditions and the grease 
lubrication-mechanisms, in various applications, can therefore be 
crucial for the best lubrication results. The new understanding of LiX and 
PP greases may assist when designing greases with for instance addition 
of solid lubricants for fretting contacts as in Ref. [12]. 

Regarding future evaluation of greases in fretting, it is worth to 
remember that both the oil viscosity and thickener type can have a 
strong influence on the fretting results. Further, since the lubrication 
properties of the greases are so dependent on test conditions, it is wise to 
evaluate the greases simulating the conditions of a specific application. 
Lubrication results and lubrication mechanisms of fretting contacts are 
not necessarily transferable to other types of contact conditions, and vice 
versa. 

5. Conclusions 

This paper, which is a continuation of the work in Ref. [13], has 
presented a lubrication model as a tool to better understand the differ-
ences between LiX and PP greases in fretting at varying contact condi-
tions. The model is not universal or complete but can hopefully be useful 
as a starting point and inspiration for future work towards a more 
complete understanding of the complexity of grease-lubricated fretting 
contacts. The suggested model and the key findings can be summarized 
as follows:  

• Parts of the complicated behavior of LiX and PP greases in fretting 
can be explained or analyzed by the presented lubrication model.  

• The thickener properties strongly influence the possibility of the 
grease to protect the fretting contact from weld formation or adhe-
sive wear at varying displacement amplitudes and contact pressures.  

• To be able to lubricate the fretting contact at small displacement 
amplitudes, a grease must i) remain close to the contact and ii) be 
able to enter the contact. To enter the contact and contribute to the 
separation of the sliding surfaces, the size of thickener fragments is 
believed to be an important factor. Further, it is likely that the 
thickener fragments enter the contact more easily if the thickener has 
a high solubility in the oil.  

• The ability of the grease to enter the contact was found to be larger 
for PP-10 than for LiX-10 at small displacement amplitudes on Ag/Cu 
cylinders. PP-10 is generally better than LiX-10 to prevent welding 
between vibrating Ag/Cu cylinders. This is believed to be related to 
the thickener shear stability, thickener structure, thickener solubility 
in oil, and possibly also the flow properties. The PP thickener is by 
the present authors believed to have higher shear stability than LiX, 
which would improve the lubrication of Ag/Cu cylinders. The grease 
with the higher shear stability would much easier remain close to the 
fretting contact, since it to a less extent degrade into individual 
thickener fibers that can be pushed away from the contact region. 
The small nanoparticles on the PP thickener structure are thought to 
enter the fretting contact together with the oil and thereby 
contribute to the load-bearing capability and weld-preventing effect.  

• At large displacement amplitudes, LiX-10 is generally better than PP- 
10 to provide slip with low and stable friction between vibrating steel 
cylinders and protect them from wear. The PP thickener is likely 
degraded at high contact pressures and therefore unable to protect 
the fretting surfaces from wear. Also the LiX-10 thickener is probably 
altered at these high pressures, but the chemistry of the thickener 
opens for the possibility that the surface films formed contain 
lithium, which could possibly improve the surface protection. These 
films are believed to form at high contact pressures when the 
thickener locally is degraded, and metal-to-metal contact occurs. 
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