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A B S T R A C T   

Greases with two different thickeners, namely lithium complex (LiX) and polypropylene (PP), and three different 
base oil viscosities were investigated in fretting with varying displacement amplitude and applied normal load. 
The material combinations silver-coated copper/silver-coated copper (Ag/Cu vs Ag/Cu) and steel/steel were 
investigated. Fretting maps of four of the six evaluated greases were constructed as a tool to better understand 
and compare the lubrication mechanisms of the varying grease types. Parameters such as applied normal load, 
displacement amplitude, material combination, contact area growth, thickener type, base oil viscosity, chemical 
effects, etc., all influence the grease lubricating properties and the prevailing fretting regime. This study shows 
the importance of understanding the application and its contact conditions, as well as how different grease types 
are affected by varying test parameters. Very different lubrication effects are found for the same grease type, 
depending on test conditions. Surface analysis of the formed wear marks is presented.   

1. Introduction 

Fretting damage can occur in the interface between metallic bodies 
in vibrating contact. For mechanical components, the fretting may lead 
to severe problems of wear, corrosion and fatigue, for electrical contacts 
this may lead to steeply increased contact resistance. When fretting is a 
problem, grease is commonly used to reduce fretting issues by lubri-
cating the contact. The grease can often efficiently reduce the problems, 
by reducing the friction, protecting the surfaces from corrosion, and help 
avoiding cold welding between the surfaces. However, the positive ef-
fects differ strongly between different greases and between vibrations of 
different magnitudes. 

Several contact conditions can prevail during fretting, depending on 
factors such as contact load, displacement amplitude and lubrication 
type. Under elastic conditions, the circular contact area of a ball against 
a flat surface or of two perpendicularly crossed cylinders can be divided 

into a sticking central area and a slipping annulus. The outer part of the 
contact area will slip even for moderate tangential forces due to the drop 
in contact pressure towards the rim of the contact area. Higher 
tangential forces are needed to cause slip also for the central high- 
pressure part of the contact. Three fretting regimes have been distin-
guished and they are stick, mixed stick-slip (partial slip) and gross slip 
[1–3]. Kassman Rudolphi et al. [4] coined the term gross plastic fretting, 
comprising the gross weld, temporary weld and gross slip regime for 
silver-coated copper power connectors subjected to extreme normal 
force to hardness ratio. These soft and ductile materials showed massive 
plastic deformation and the fretting mechanisms differed from those 
usually described in the literature. 

A grease is a two-phase lubricating system containing a liquid 
lubricant and a thickening agent, i.e., grease is a thickened oil. Metal 
soaps are the most commonly used grease thickeners with approxi-
mately 90% of the grease production share [5]. Lithium soap thickeners 
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are the most widely used, and they had a market share of 71% (51% 
conventional lithium greases and 20% lithium complex (LiX) greases) in 
year 2020. Since grease is a two-phase system that often also contains 
several additives, it is a more complex rheological system than a base oil. 
In a review paper on grease lubrication in rolling bearings, Lugt [6] 
states that the most widely used model to describe grease lubrication is 
the one by Booser and Wilcock [7], where the grease acts as an oil 
reservoir and the oil is slowly released into the running track. There is 
however no consensus regarding the grease lubrication mechanisms and 
several mechanism hypotheses have been proposed, indicating that 
there may be no unique mechanism [6]. 

In fretting contacts that are oil lubricated, the oil viscosity influences 
the fretting behavior [8–12]. Zhou and Vincent [9] report that low 
viscosity oils easier reaches the fretting area compared with high vis-
cosity oils and thereby more effectively prevent fretting damage. It 
should although be mentioned that oil can cause particle detachment 
through oil penetration into micro-cracks and cavities in the fretting 
area [10,13]. High viscosity oils are said to be more effective regarding 
restriction of oxygen in the contact since the oxygen replenishment is 
proportional to the rate of diffusion in the lubricant, which is inversely 
related to viscosity [14,15]. 

A wide range of grease types have been evaluated in fretting. Zhou 
et al. [16] investigated a commercial high-temperature ball bearing 
grease made of a paraffinic base oil and a polyurea thickener. The 
lubricating effect of the grease was influenced by the normal force, 
displacement amplitude and the frequency of motion. The benefit of the 
grease increased with increasing displacement amplitude and reduced 
normal load. Further, the protective effect of grease was suggested to be 
related to the size of the contact compared to the sliding amplitude, i.e., 
how easily the grease can enter the fretting contact. Maruyama et al. and 
Schwack et al. [17,18] also indicated that the displacement amplitude 
and the size of the contact are important for the grease-lubricating ef-
fect. Maruyama et al. [17] examined the difference in mechanisms for 
fretting wear reduction between oil- and grease-lubricated thrust ball 
bearings when varying the oscillating velocity, base oil viscosity and 
grease consistency. The lubrication mechanisms differed between oil 
and grease, and it was concluded that different methods for wear 
reduction should be considered, based on test conditions such as lubri-
cation type, oscillating velocity, displacement amplitude, oil viscosity 
and grease consistency. In experimental investigations of six commercial 
greases used in wind turbine pitch bearings it was concluded that none 
of the tested greases perform well for all test conditions [18]. Greases 
that work well in some conditions may be detrimental in others. For 
small displacement amplitudes, greases with low base oil viscosity and 
high bleeding rates showed the least wear. Haviez et al. [19] studied two 
commercial greases used for wind turbines and aircraft turbine engines, 
respectively, at a constant normal load and frequency but with varying 
displacement amplitude (±10 to ±140 μm). Grease G1 was based on a 
synthetic base oil and a lithium thickener and grease G2 was made with 
a synthetic diester base oil and a Microgel® inorganic thickener. They 
found that the domain with low and stable friction, indicating a 
well-lubricated contact, was reached at smaller displacement ampli-
tudes for the G2 grease than for the G1 grease, owing to its lower oil 
viscosity. Wunsch [12], evaluated 18 oils and 20 greases in fretting tests 
and concluded that the ability of a grease to prevent wear and fretting 
corrosion to a great extent depend on the thickener. The thickeners used 
were polyurea, lithium soap, barium soap, aluminium soap and 
bentonite. Noël et al. [20] examined four different commercial greases 
in fretting of tin-coated electrical connectors. The greases were based on 
either a clay or a polytetrafluoroethylene (PTFE) thickener. The PTFE 
greases were based on perfluoropolyether oil of varying oil viscosity, 

and the clay greases were manufactured with ester and complex ester 
oil, respectively. The varying grease properties, such as consistency, 
thickener type, oil type, oil viscosity and additives, gave different wear 
characteristics in the fretting tests. No lubrication mechanisms were 
presented. All in all, even though grease-lubricated contacts have been 
studied for long, it is far from fully understood how greases protect the 
surfaces. 

In previous studies by the present authors, lithium complex (LiX) and 
polypropylene (PP) greases were evaluated in fretting of silver-coated 
copper cylinders, simulating electrical contacts [21,22]. The lithium 
soap is a polar organic salt, while PP is a hydrocarbon molecule with 
limited polarity. The two greases were found to differ with respect to 
lubrication behavior when varying the displacement amplitude at a 
constant applied normal load. In the present paper, the fretting inves-
tigation is broadened to include both thickeners, each with three 
different base oil viscosities, and an added material combination. The 
material combinations here include silver-coated copper versus 
silver-coated copper and steel versus steel. This test matrix was selected 
to achieve a better understanding of the lubricating abilities and lubri-
cating mechanisms of LiX and PP greases in fretting under varying 
contact loads, displacement amplitudes and material combinations. 
Hence, the aim of this paper is to start unraveling the lubrication 
mechanisms in fretting of greases based on these two thickener types. A 
series of controlled fretting experiments were performed, and the results 
are presented in the form of friction graphs and fretting maps. Surface 
analysis of the wear marks is presented. 

2. Materials and methods 

2.1. Test setup 

Fretting tests were performed in a crossed-cylinders configuration, 
see Fig. 1. The upper cylinder is fixed and mounted perpendicularly to 
the bottom cylinder, which is vibrating along the cylinder axis due to the 
motion of the table it is attached to (an electromagnetic vibrator is used). 
A spring is used to apply the normal force. The tangential force (using a 
strain gauge) and the actual motion of the vibrating table (using an 
accelerometer) were continuously recorded during the tests. The coef-
ficient of friction was calculated from the RMS value of the tangential 
force divided by the normal force. Note that the term friction force is 
used as a synonym to tangential force, also for contacts that do not slide. 

Fig. 1. Fretting test equipment using a crossed-cylinders configuration. The 
lower cylinder is vibrating, while the upper cylinder is intentionally fixed. 
Adapted from Ref. [21]. 
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2.2. Materials 

2.2.1. Test cylinders 
Cylinders with the dimensions 10 mm in diameter and 20 mm long 

were tested. Two material combinations were evaluated: i) silver-coated 
copper versus silver-coated copper (Ag/Cu versus Ag/Cu, surface 
roughness, Sa, of approximately 0.25 μm) and ii) steel versus steel (AISI 
52100/100CR6, surface roughness, Sa, of approximately 0.16 μm). The 
silver coating on copper was about 20 μm thick. The hardness of the 
copper substrate was 107±6 HV and of the silver coating 42±6 HV. The 
hardness of steel was 820±39 HV. Ag/Cu vs Ag/Cu is an important 
material combination for electrical contacts. This combination was 
tested in earlier work when LiX and PP greases were evaluated in fret-
ting [21,22]. In the present paper, the focus is to better understand the 
mechanisms behind the lubricating results found for LiX and PP greases. 
The combination steel vs steel was added to better understand the role of 
material combination, contact load, and hence contact pressure. The 
Ag/Cu and steel cylinders were used as received without altering the 
respective surface roughness. 

Before the first test, the cylinders were ultrasonically cleaned for 5 
min in acetone and ethanol, respectively. The same cylinder pair was 
used for more than one fretting test, by rotating them in the holders to 
expose unaffected contact surfaces. Ethanol was used to clean the cyl-
inders between repeated tests using the same cylinder pair. Grease was 
applied in excess on the lower cylinder before the two cylinders were 
pressed into contact and the fretting was started. 

2.2.2. Greases 
Two types of grease thickeners, LiX and PP, were used and the base 

oil was a blend of 93.7 wt% polyalphaolefin (PAO) and 6.3 wt% adipate 

ester as in Refs. [21–25]. The ester facilitates the saponification in the 
case of the LiX grease and is included also in the PP grease to keep the oil 
composition of the two grease types identical. LiX grease was chosen 
since lithium soap thickeners are the most widely used [5], and PP 
grease was chosen since it has shown many beneficial properties 
compared to LiX grease (including longer grease life, lower friction and 
enhanced additive response [23,25,26]). Three different viscosities of 
the PAO oil were used: 10, 50 and 100 cSt (kinematic viscosity at 
100 ◦C). Hence, six greases were evaluated, here denoted: LiX-10, 
LiX-50, LiX-100, PP-10, PP-50 and PP-100, see details in Table 1. The 
thickener content was varied so that for all six greases an NLGI 2 grade 
grease consistency was obtained. The consistency was measured with 
cone penetration (penetration after 60 strokes, 25 ◦C, ISO 2137 [27], see 
Table 1). No additives were added to the grease matrix, i.e., the greases 
only consist of the oil blend and the thickener. The selected base oil 
viscosities are technically relevant and four of the six greases tested in 
the present study (LiX-10, LiX-50, PP-10 and PP-50) were previously 
evaluated in roller bearings as well as in reciprocating and continuous 
sliding contacts by Leckner and Westbroek [23–25]. The same set of 
greases were therefore chosen now for the fretting tests, and LiX-100 and 
PP-100 were added to study the effect of even higher base oil viscosity. 

The LiX and PP thickener structures of the greases were investigated 
with a scanning electron microscope (SEM, Zeiss Merlin). A detailed 
thickener sample preparation procedure is described in Ref. [22]. The oil 
(about 80–90% of the grease) was removed and Au/Pd was sputtered 
onto the thickener samples before SEM analysis to enhance the sample 
conductivity. An acceleration voltage of 5 kV was used during SEM 
analysis. 

Table 1 
Grease and base oil details. Thickener content and penetration after 60 strokes (ISO 2137 [27]) for each of the evaluated greases [23] all with NLGI consistency number 
2.  

Grease Polyalphaolefin base oil  
kinematic viscosity at  
100 ◦C [cSt] 

Thickener Thickener content [wt%] Penetration after 60 strokes [10− 1 mm] 

LiX-10 10 Lithium complex 20.6 275 
LiX-50 50 Lithium complex 20.3 270 
LiX-100 100 Lithium complex 18.6 276 
PP-10 10 Polypropylene 12.5 280 
PP-50 50 Polypropylene 10.0 282 
PP-100 100 Polypropylene 8.7 278  

Fig. 2. Calculated Hertzian initial maximum contact pressure and calculated initial static (elastic) contact diameter at varying applied normal load for a) Ag/Cu 
cylinders and b) steel cylinders. Crossed cylinders geometry, cylinder diameter 10 mm. The contact pressure and diameter were calculated with typical copper 
properties (E = 120 GPa, υ = 0.33) and steel properties (E = 213 GPa, υ = 0.29). The dashed line in a) and b) indicates the maximum initial contact pressure (1.41 
GPa) for the highest applied normal load on the Ag/Cu cylinders. 
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2.3. Test parameters 

The present paper is divided into two sections. In the first, two levels 
of fretting vibration were tested, ±50 and ±200 μm (100 and 400 μm 
peak-to-peak amplitude, respectively). These amplitudes were used in 
Refs. [21,22] to represent intermediate and high displacement 

amplitudes when evaluating LiX-10 and PP-10 on Ag/Cu contacts. At 
±200 μm the lubricated cylinders were sliding relative each other, i.e., 
they were in the slip regime. At ±50 μm PP-10 immediately allowed slip 
while the contacts lubricated with LiX-10 formed welds. After some 
thousands fretting cycles, these welds broke, and the slip regime was 
entered. We have chosen to continue using ±50 and ±200 μm in the 

Fig. 3. Appearance of thickener microstructures at varying magnifications (SEM). a-c) LiX-10 and d)-f) PP-10. The structures in b) and e) are shown in even higher 
magnification in c) and f), respectively). 

Fig. 4. Coefficient of friction for Ag/Cu cylinders tested with a) LiX-10, LiX-50 and LiX-100 and b) PP-10, PP-50 and PP-100 at a pre-set displacement amplitude of 
±50 μm. As a reference, the friction curve from an unlubricated test (dry), quickly resulting in a stable weld is added in both a) and b). The more or less stable level 
around 0.5, indicates that the two specimens have become welded, and is thus not an actual friction coefficient, but essentially the set tangential driving force divided 
by the normal load. 
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present study to better understand the mechanisms behind the found 
lubricating differences of LiX and PP greases. The low displacement 
amplitude (±25 μm) included in Ref. [21], was excluded from the first 
section of the present study and from Ref. [22] since the Ag/Cu contacts 
behaved almost as if unlubricated at such a small amplitude (the grease 
was immediately after test start ejected from the contact and a weld was 
formed). In the used fretting equipment, as described in Ref. [21], the 
pre-set displacement amplitude is the vibration amplitude of the table 
holding the lower specimen, in absence of friction. Once the specimens 
are set in contact, the actual displacement amplitude of the table will be 
somewhat reduced by the friction force generated. When the contacts 
are welded, i.e., when the cylinders are not sliding relative each other, 

the friction force is limited by the pre-set tangential driving force cor-
responding to the pre-set displacement amplitude of the table. This is 
further explained and discussed in section 4.1. 

All six greases were tested for 105 fretting cycles at a frequency of 
100 Hz, a load of 50 N, in room temperature and room atmosphere, and 
on both material combinations (Ag/Cu versus Ag/Cu and steel versus 
steel). The frequency and load are realistic for Ag/Cu power connectors 
with a crossed cylinder configuration and steel cylinders were tested 
with the same parameters to evaluate the influence of material combi-
nation on the lubrication result. The steel contacts were tested without a 
particular application in mind. Each type of test was performed at least 
twice. Dry (unlubricated) reference tests were performed for both ma-
terial combinations at ±50 μm displacement amplitude. 

The second section of the present paper has the main objective to 
establish fretting maps, defining load and amplitude limits between the 
observed fretting regimes to better understand the differences between 
the tested greases. To achieve this, the normal load range was extended 
to 5–80 N and a lower amplitude was added. The test duration was 105 

fretting cycles. The selected displacement amplitudes ±25, ±50 and 
±200 μm cover a wide span of interest when evaluating and comparing 
lubricating properties of greases. 

The resulting fretting regimes were determined from: the coefficient 
of friction against number of cycles, the shape of friction force curve 
during single fretting cycles (a sinusoidal shaped curve indicates stick, 
also called weld, and a quadratic shaped curve indicates slip, see Fig. 11 
in Ref. [21]). Further, the actual displacement amplitude compared with 
the pre-set displacement amplitude was also used to determine the 
fretting regime. The applied normal load was altered in steps of 5 N 
around the boundary between two fretting regimes. Only one test was 
performed per load and grease type, based on the observation from part 
1 and previous work [21] that test repetitions give very similar results. 

The initial Hertzian contact pressure and initial static elastic contact 
diameter of crossed Ag/Cu cylinders and crossed steel cylinders (Ø=10 
mm), respectively, are presented in Fig. 2. At 50 N applied load the 
Hertzian diameters are approximately 235 μm for steel cylinders and 
280 μm for Ag/Cu cylinders. For simplicity, the elastic properties of 
copper were used to calculate the values for Ag/Cu versus Ag/Cu, 
neglecting the effect of the Ag coating (20 μm) which is relatively thin 
compared to the contact diameter. However, the Ag coating will deform 
plastically already at the static loading, for the normal loads used here. 
This is typical also of most Ag/Cu electrical contacts, and will of course 
result in an increased contact diameter. For the much harder steel cyl-
inders the Hertzian calculation will give a good estimation of the initial 
contact diameter. 

2.4. Surface analysis 

The wear marks on the cylinders formed during tests in the first part 
of this study were analyzed with SEM (Zeiss Merlin), energy dispersive 
X-ray spectrometer (EDS, Oxford X-max) and vertical scanning inter-
ferometry (VSI, Zygo Nexview). The acceleration voltage during EDS- 
analysis was 5 and 10 kV for steel and Ag/Cu cylinders, respectively. 
Prior to analysis, the cylinders were cleaned with hexane and ethanol in 
an ultrasonic bath, 5 min in each solution. 

3. Results 

3.1. Grease thickener structure analysis 

The grease thickeners were investigated in the SEM after washing out 
the oil. The LiX thickener is composed of many short, thin entangled 
arranged fibers (Fig. 3a). The PP thickener shows a network of much 
thicker fibers (Fig. 3d). Particles, in the range of about 40–150 nm and 
with a round or oval-shaped appearance, are found on the PP thickener 
structure, see Fig. 3e and f. Similar appearance of a PP thickener has 
been found also by Muller et al. [28]. Their PP structures had a 

Fig. 5. SEM overview images of the contact areas on the stationary cylinder 
from tests performed at a pre-set displacement amplitude of ±50 μm on Ag/Cu 
cylinders. The cylinder axis is perpendicular to the vibration direction. Vibra-
tion direction of the vibrating countersurface as indicated in a). a-f) Cylinders 
lubricated with LiX and PP grease. g) and h) SEM images with the corre-
sponding EDS-maps of the contact areas presented in e) and f). The EDS color 
key is depicted below. Note that the pre-set displacement amplitude of ±50 μm 
is smaller than all the resulting contact area diameters. (For interpretation of 
the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 
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homogenous distribution of spherical particles with a size of about 
10–15 nm. Small particles are found on the LiX thickener as shown in 
Fig. 3b and c, but not at all to the same extent as on the PP thickener. 
Fibers extracted from LiX-10 and PP-10 are shown, but no difference in 
structure and appearance was found between thickener fibers from 
greases produced with different base oil viscosities or varying thickener 
content (results not shown). 

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

3.2.1. Ag/Cu cylinders (±50 μm and 50 N) 
At ±50 μm displacement amplitude there is a difference in lubri-

cating performance between the different greases, see Fig. 4. PP-10 is the 
only grease that immediately allows slip and the friction is quite stable 
around 0.08–0.1. The high initial friction present for all LiX greases 
(Fig. 4a) and for PP-50 and PP-100 (Fig. 4b) is due to welding between 
the two crossed cylinders [21]. A mechanism for the weld formation and 
weld breaking process was suggested in Ref. [21]. 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 (results 
not shown). Thus, the oil alone is not able to lubricate the surfaces and 
the PP thickener must contribute to the lubrication film in the case of 
PP-10. 

The friction coefficient is stable at 0.47 in the beginning of a test that 
welds (Fig. 4). During welding there is no relative displacement at the 
contact interface and the friction force is limited by the pre-set 
tangential driving force corresponding to the pre-set displacement 
amplitude, why the measured friction coefficient is the same for all 
welded contacts. As the test proceeds, the welded contact starts breaking 
up, initiated by sliding in the periphery of the contact before the weld 
breaks completely. The fast transition from high to low friction illus-
trates the shift between the weld and the slip regime. The slight increase 
in friction coefficient before the weld breaks is due to distortion of the 
sinusoidal vibration when the weld starts breaking up. Consequently, 
the calculated RMS friction values overestimate the friction level. This is 
further explained and discussed in section 4.1. As illustrated in Fig. 4, 
the higher the base oil viscosity, the longer the time spent in the weld 
regime before the weld breaks, i.e., it is more difficult for a grease with 
high base oil viscosity to enter the contact. Furthermore, the higher the 
base oil viscosity, the higher the friction during slip after weld breaking. 
LiX-10 (and PP-10) result in friction values around 0.08–0.1 during slip, 
LiX-50 and PP-50 around 0.13–0.15, LiX-100 around 0.16–0.19 and PP- 

100 around 0.14. Note that only one of two tests with PP-100 enters the 
slip regime and that tests with PP-10 do not weld. 

The contact areas of all cylinders that welded are fairly circular, 
heavily deformed and show signs of the initial contact weld in the 
central part of the contact (Fig. 5a and c-f). Transferred and deformed 
material form lumps in the middle of the contact area on one of the 
cylinders and corresponding depressions on the other, see Fig. S1 in 
supplementary material S1. These lumps and depressions are sur-
rounded by ridges and valleys in the vibration direction and are typically 
more than 20 μm (thickness of the silver coating) above or below the 
original cylinder surface. Hence, silver and copper are mixed within and 
around these regions. The atomic contrast of exposed and/or near sur-
face copper is seen as darker grey regions in the SEM-images and are 
especially evident in Fig. 5d, e and f. The EDS-maps from the contact 
areas in Fig. 5e and f are shown in Fig. 5g and h. The contact area from 
tests with PP-10 (Fig. 5b) shows a smoother, less deformed surface than 
for the other five greases and no exposed/and or near surface copper. 

The contact area increases with increasing base oil viscosity, due to 
longer time in the weld regime. The contact diameter in the vibration 
direction (for both the stationary and vibrating cylinder of the tests 
presented in Fig. 5) is about 880, 960 and 1050 μm for LiX-10, LiX-50 
and LiX-100, respectively. The corresponding values for the PP greases 
are about 800, 950 and 970 μm. Replicate tests result in similar contact 
diameter and wear mark appearance. Due to extensive contact area 
growth, the contact diameters found after test are considerably larger 
than 280 μm presented in Fig. 2, and much larger than the pre-set 
displacement amplitude of ±50 μm. The patterns of ridges and valleys 
parallel to the vibration direction in the contact areas are due to a 
continuous plastic flow of silver caused by the vibrating motion. The 
ridges fit into corresponding valleys on the countersurface, see Fig. S1 in 
supplementary material S1. 

3.2.2. Steel cylinders (±50 μm and 50 N) 
There is no difference between the tested LiX greases and almost no 

difference between the PP greases, see Fig. 6a and b. The grease is 
gradually ejected from the contact during the first 1–2 s of testing. 
Hence, all contacts weld over a major part of the contact area and the 
corresponding friction curves are stable at 0.48 (except from one test 
with PP-10 that during the first 35 000 cycles shows unstable friction 
before leveling out around 0.48). Unlubricated reference tests, i.e., 
without grease, also quickly result in a stable weld and show the same 
friction behavior as the lubricated tests. 

The contacts in Fig. 7a–f shows a similar appearance, i.e., a broken 

Fig. 6. Coefficient of friction for steel cylinders tested with a) LiX-10, LiX-50 and LiX-100 and b) PP-10, PP-50 and PP-100 at a pre-set displacement amplitude of 
±50 μm. The friction curve from an unlubricated test also quickly results in a stable weld with the same friction characteristics as the lubricated tests. The stable level 
around 0.5, indicates that the two specimens have become welded, and is thus not an actual friction coefficient, but essentially the set tangential driving force divided 
by the normal load. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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weld with signs of sliding along the contact rim. Small shallow de-
pressions, typically less or around 5 μm below the original cylinder 
surface, on one of the cylinders fit into corresponding bumps on the 
other, see Fig. S2 in supplementary material S1. Carbon and some ox-
ygen (most likely iron oxide) are present in the sliding regions. The 
carbon signal originates from the grease constituents (thickener and/or 
oil). The resulting contact area diameter shown in Fig. 7a is close to 235 
μm presented in Fig. 2b for 50 N load. 

The wear marks on the cylinders tested without grease show a wel-
ded region in the same size as the lubricated tests, but the rim of the 
contact where sliding takes place shows extensive iron oxide formation 
(Fig. 7g and h). The wear mark diameter is approximately 280 μm. 

Hence, the presence of grease clearly reduces the metal-to-metal contact 
and the access of oxygen in the sliding regions. 

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

3.3.1. Ag/Cu cylinders (±200 μm and 50 N) 
All tested greases result in slip at ±200 μm amplitude and 50 N 

normal load. The higher the base oil viscosity the higher the friction 
during slip (Fig. 8a and b). The coefficient of friction is generally slightly 
lower for LiX than PP grease. LiX-10 results in stable friction coefficients 
close to 0.1. The corresponding friction values for LiX-50 and LiX-100 
are 0.15 and 0.17–0.2, respectively. Tests with PP-10 show a more un-
stable friction behavior than LiX-10 with values ranging from 0.11 to 
0.14. PP-50 and PP-100 show a similar friction behavior with values 
around 0.2, where PP-50 has only slightly lower friction than PP-100. 

The contact area on all cylinders shows signs of sliding with ridges 
and valleys in the vibration direction, see Fig. 9. Some small irregular-
ities and damages are present on the otherwise smooth surfaces. No or 
only small amount of exposed copper was found on surfaces lubricated 
with LiX-10, LiX-50, PP-10 and PP-100 (EDS results not presented). 
Copper was detected in the contact areas lubricated with LiX-100 and 
PP-50, (Fig. 9g and h). The contact diameter in the vibration direction on 
the stationary cylinder shown in Fig. 9 is about 800, 870 and 980 μm for 
LiX-10, LiX-50 and LiX-100, respectively. The corresponding values for 
the PP greases are about 1000, 1100 and 900 μm. Replicate tests result in 
similar contact diameter and wear mark appearance. The contact areas 
on the vibrating cylinder (not shown) are more oval-formed and the 
diameter in the vibration direction is 200–300 μm larger than the areas 
on the corresponding stationary cylinders. The final contact pressure of 
a test on Ag/Cu with a contact diameter of 800 μm is estimated to 100 
MPa, i.e., much lower than the initial maximum contact pressure of 1.21 
GPa in Fig. 2. 

3.3.2. Steel cylinders (±200 μm and 50 N) 
The two tests per LiX grease type showed a similar friction behavior 

(Fig. 10a) with low and stable values close to 0.2 during major part of 
the test. Further, the friction level and friction behavior are independent 
of the oil viscosity. The friction occasionally drastically increases to 
values as high as 0.4–0.5, and then returns to the base level after some 
hundred cycles for LiX-10 and after some thousand cycles for LiX-50 and 
LiX-100. Tests with PP greases result in a base friction level around 0.2, 
as for LiX greases, but PP-10 and PP-50 show more long-lasting periods 
with high unstable friction values (Fig. 10b). The maximum friction 
level, close to 0.8 for PP, is much higher than 0.4–0.5 for LiX. For PP 
greases, the friction behavior is dependent on the oil viscosity and PP- 
100 is better than PP-10 and PP-50 at maintaining low and stable fric-
tion. LiX and PP greases do not prevent periods with high friction at a 
pre-set displacement of ±200 μm, especially not the PP grease. 

The resulting contact areas on the stationary cylinders lubricated 
with LiX grease are all circular, quite smooth and show signs of sliding 
(Fig. 11a, c and e). The contact diameters are 400–450 μm. The corre-
sponding marks on the vibrating cylinders (not shown) are oval-shaped 
and the diameter in the vibration direction is, as expected (based on 
initial static contact diameter and the vibration amplitude) about 700 
μm. 

The contact areas lubricated with PP grease show signs of adhesive 
wear (Fig. 11b, d and f), which is due to the periods with high unstable 
friction. Marks in the vibration direction in the contact area edges 
indicate sliding. Since the friction curves for test repeats of the different 
PP greases varied substantially, the resulting circular contact area on the 
stationary cylinder also differed between tests. The longer time with 
high unstable friction the larger contact area. The resulting contact di-
ameters vary between 460 and 760 μm. In Fig. 11b, d and f, the largest 
contact area for each PP grease is presented. The marks on the vibrating 
cylinders are oval-shaped and the average diameter in the vibrating 

Fig. 7. SEM overview images of the contact areas on the stationary cylinder 
from tests performed at a pre-set displacement amplitude of ±50 μm on steel 
cylinders. The cylinder axis is perpendicular to the vibration direction. Vibra-
tion direction of the vibrating countersurface as indicated in a). The dashed 
circle in a) and g) has a contact diameter of 235 μm, which is the calculated 
initial static (elastic) contact diameter for steel cylinders at 50 N load. a-f) 
Cylinders lubricated with LiX and PP grease. g) and h) Dry reference test, SEM 
and the corresponding EDS map showing the iron and oxygen signal. Note that 
the pre-set displacement amplitude of ±50 μm is smaller than all the resulting 
contact area diameters. Also note the lower magnification of g) and h) 
compared with a-f). (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.) 
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direction based on two tests per grease is 1000, 930 and 780 μm for PP- 
10, PP-50 and PP-100, respectively. This is larger than the expected 
diameter of about 700 μm. 

The contact areas of LiX-lubricated tests are partially oxidized (see 
Fig. 11g and h), and the oxidized regions are typically about 5–45 μm in 
width (perpendicular to the vibration direction) and stretches in the 
vibration direction all over the contact area. The darker grey areas in the 
SEM images of LiX-10, LiX-50 and LiX-100 in Fig. 11a, c and e show 
these oxygen-rich regions. Elemental mapping of the contact areas re-
veals that they also contain grease residues, based on a higher carbon 
signal than outside the contact areas (results not shown). Generally, a 
LiX grease with high oil viscosity results in large and more oxidized 
regions as well as more grease residues than surfaces lubricated with 
lower viscosity-grade greases. This is correlated to more and longer high 
friction periods for higher oil-viscosity grease. It is obvious that the LiX 
grease effectively protects the surfaces from adhesive wear. The contact 
areas lubricated with PP grease also show increased oxygen and carbon 
signal compared to unaffected steel (results not shown). The carbon 
signal is high and covers the whole area for all contact areas, indepen-
dent of oil viscosity. 

3.4. Fretting maps 

The complex fretting results have been organized into fretting maps 
to facilitate a useful overview of the influence of the applied normal load 
and pre-set displacement amplitude on the resulting fretting regimes. 
Such maps were constructed for LiX and PP greases with the lowest and 
highest base oil viscosities (10 and 100 cSt at 100 ◦C) to visualize the 
influence of thickener type and oil viscosity on grease lubricity. The 
maps are intended to assist the unraveling of the lubrication mechanisms 
of LiX and PP greases in fretting. The settings of displacement amplitude 
and the measurement of amplitude and friction are explained and dis-
cussed in section 4.1. 

3.4.1. Lubricating effect of LiX-10 and PP-10 at varying load and 
displacement amplitude 

The ability of LiX-10 and PP-10 to provide slip increases with 
increasing displacement amplitude or with reduced normal load for both 
material combinations (for the tested amplitudes and loads in this 
work), see Fig. 12. The fretting maps consist of different fretting regimes 
whose names describe the prevailing contact situation: i) slip, ii) tem-
porary weld and iii) weld for Ag/Cu cylinders and i) slip, ii) slip with 
unstable friction and iii) weld for steel cylinders. Regime ii) for the Ag/ 
Cu cylinders is due to the weld formation in the beginning of the test and 
the weld breaking that occurs some thousand cycles after test start. 

There is a clear difference in lubrication performance between the 
two thickener types. With Ag/Cu cylinders PP-10 gives more slip than 
LiX-10 over the tested load interval at low and intermediate displace-
ment amplitudes (Fig. 12a and b). Hence, PP-10 is superior to LiX-10 at 
contact pressures up to about 1.4 GPa (initial contact pressure) corre-
sponding to 80 N applied load, see Fig. 2a, or up to about 100 MPa based 
on final contact pressure for Ag/Cu cylinders with a pre-set displace-
ment amplitude of ±50 and ±200 μm. At ±200 μm both PP-10 and LiX- 
10 offers slip in the whole tested load interval, see Fig. 12a and b. At high 
enough amplitudes, both grease types can enter and remain in the 
contact. 

For steel cylinders (Fig. 12c and d), PP-10 offers slip while LiX-10 is 
in the slip with unstable friction regime at ±25 μm displacement 
amplitude. On the contrary, LiX-10 offers better lubrication, i.e., larger 
slip regions, than PP-10 at ±50 and ±200 μm. At a pre-set displacement 
amplitude of ±200 μm LiX-10 exhibits slip over the whole tested load 
interval while PP-10 enters the slip with unstable friction regime at loads 
of 50 N and above. Hence, PP grease does not prevent periods with high 
friction, as seen in Fig. 10b. 

3.4.2. Lubricating effect of LiX-100 and PP-100 at varying load and 
displacement amplitude 

The base oil viscosity clearly has an impact on the grease lubrication 
behavior in fretting, as shown in the fretting maps in Figs. 12 and 13. 
The difference between the thickeners that was found for LiX-10 and PP- 
10 (Fig. 12) is almost lost for LiX-100 and PP-100 (Fig. 13). 

For Ag/Cu, the boundaries between different fretting regimes are 
transferred to lower applied normal loads, compare Fig. 12a and b with 
Fig. 13a and b. LiX-100 and PP-100 are not able to offer as much slip as 
LiX-10 and PP-10 at displacement amplitudes ±25 and ±50 μm. Hence, 
a low viscosity oil much easier replenishes the fretting contact at small 
displacement amplitudes. At ±200 μm displacement amplitude, all 
tested greases result in slip over the whole tested load interval. 

For steel, the lubricating behavior of LiX-100 is similar to that of LiX- 
10 for all tested displacement amplitudes (compare Fig. 12c with 
Fig. 13c). The lubricating effect of PP-100 is similar that of PP-10 at 
displacement amplitudes ±25 and ±50 μm. At ±200 μm PP-100 offers 
slip for the whole tested load interval, with only a few short friction 
spikes (see example in Fig. 10b), while PP-10 enters the slip with un-
stable friction regime at 50 N applied normal load and above (see 
example in Fig. 10b). 

4. Discussion 

The grease-lubricated fretting experiments have shown that 

Fig. 8. Coefficient of friction for Ag/Cu cylinders tested with a) LiX-10, LiX-50 and LiX-100 and b) PP-10, PP-50 and PP-100 at a pre-set displacement amplitude of 
±200 μm. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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parameters such as applied normal load, displacement amplitude, ma-
terial combination, contact area growth, thickener type, base oil vis-
cosity, chemical effects, etc., all influence the lubrication effect as well 
as the weld preventing effect of the grease and the prevailing fretting 
regime, as described in the following sections. 

4.1. Displacement-amplitude settings and amplitude and friction 
measurements 

The pre-set displacement amplitude is the vibration amplitude of the 
table holding the lower specimen, in absence of friction. Once the 
specimens are set in contact, the actual displacement amplitude will be 
somewhat reduced by the friction forces generated. During slip 

conditions this reduction is insignificant, less than a few percent since 
the contacts are well-lubricated. When the two specimens become 
welded, this means that the contact can endure the maximum force 
virtually without relative motion, so the friction force gauge measures 
the full set driving force curve of the rig. Here, the relation between the 
actual displacement amplitude of the table and the tangential force 
acting on the contact weld depends on the rig stiffness. In a regular 
fretting study this can be seen as a problem. In this study, this set-up 
makes it possible to study the effect of different greases on the forma-
tion and breaking of welds subjected to the same frictional force. This 
experiment can be repeated by others, since friction force measurements 
do not depend on test rig stiffness. 

In some situations, the actual displacement amplitude is hard to 
determine with high precision, due to the fact that its measurement 
includes calculating the RMS value of the accelerometer readings, which 
leads to overestimations whenever erratic motion leads to high fre-
quency vibrations. Here, erratic motion occurs due to two mechanisms: 
breaking of welds and sliding over roughened surfaces. Firstly, at low 
displacement amplitudes, the two cylinders have a high tendency to 
form a weld over a large part of the contact area. This weld may quickly 
grow too strong to allow relative sliding between the cylinders, except 
for a minimal sliding within a slip annulus. In many cases, the weld 
gradually breaks after some thousand cycles. During this process, the 
vibration movement becomes more and more uneven, until the weld is 
broken and normal sliding resumes. Secondly, once the sliding resumes, 
it will initially occur over surface roughened by the remains of the 
broken weld. 

The friction measurement also has limitations. Corresponding to the 
case of the amplitude measurement, the friction force is calculated from 
the RMS value of the friction force curve. When a weld starts breaking 
up, and the motion gradually become more erratic, the increasing level 
of high frequency vibrations also leads to high frequency scatter in the 
force curves. Thus, as the weld gradually breaks the added scatter leads 
to an increase in the RMS value, and thus an apparent friction increase. 
Finally, the weld breaks, actual sliding friction commences, and the 
friction value rapidly falls to a level characteristic of sliding over the 
now roughened surface. 

4.2. Fretting regimes and fretting maps 

Three different fretting regimes were found for lubricated Ag/Cu 
cylinders: i) slip, ii) temporary weld and iii) weld. Kassman Rudolphi 
et al. [4] called these regimes gross slip, temporary weld and gross weld, 
respectively. In Ref. [4], the contacts were tested unlubricated at vary-
ing normal force (10–50 N) and displacement amplitude (20–100 μm 
peak-to-peak). The gross weld regime was found to prevail at high 
normal forces in combination with low vibration amplitudes, the tem-
porary weld regime prevailed when the vibration amplitude was higher 
and/or the normal force lower, while the gross slip regime prevailed at 
high vibration amplitudes combined with low normal forces. Interest-
ingly, the temporary weld regime has been observed in both unlu-
bricated [4] and grease-lubricated contacts [21,22,29], as in the present 
study. Thus, the breaking up of welds is not only due to the presence of 
grease. However, it is clear that application of grease pushes the fretting 
regime boundaries towards lower applied normal loads. This is based on 
the unlubricated and lubricated tests presented in Fig. 4 where the 
unlubricated test at 50 N load and ±50 μm result in a stable weld, 
whereas the lubricated cylinders either form a weld that breaks after 
some thousand cycles (LiX-10) or immediately allow slip (PP-10)). More 
detailed analysis of the lubrication mechanisms will be presented in an 
intended part II of this paper series. 

The fretting regimes found for lubricated steel cylinders are i) slip, ii) 
slip with unstable friction and iii) weld. In the weld regime, a major part 
of the contact area is welded and a small slip annulus is present in the 
contact rim. 

According to Ref. [30], most fretting experiments are run with 

Fig. 9. SEM overview images of the contact areas on the stationary cylinder 
from tests performed at a pre-set displacement amplitude of ±200 μm on Ag/Cu 
cylinders. The cylinder axis is perpendicular to the vibration direction. Vibra-
tion direction of the vibrating countersurface as indicated in a). a-f) Cylinders 
lubricated with LiX and PP grease. g) and h) SEM images with the corre-
sponding EDS-maps of the contact areas presented in e) and d). The EDS color 
key is depicted below. Note that the pre-set displacement amplitude of ±200 
μm is smaller than all the resulting contact area diameters. (For interpretation 
of the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 
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constant displacement amplitude although many practical fretting 
contacts vary in load and have no fixed vibration amplitude. The fretting 
tests in the present study are force limited rather than displacement 
controlled, which means that the displacement amplitude depends on 
the friction force in the contact. However, when the contacts are well 
lubricated and tested in the slip regime, the difference between using a 
force-limited or a displacement-controlled test equipment is very small. 

The fretting maps were constructed primarily to improve the general 
understanding of the lubrication mechanisms of LiX and PP greases. 
Care should be taken before applying these results to real applications. 
Additional tests in the specific application, using realistic parameters, 
are needed before selecting grease type. Further, the greases investi-
gated in the present study do not contain additives, as typical for com-
mercial greases. Hence, the fretting behavior of commercial LiX and PP 
greases may differ from the present findings. 

4.3. Effect of displacement amplitude and normal load 

The combination of displacement amplitude and applied normal load 
is important for the prevailing fretting regime. The ability of LiX and PP 
greases to provide slip increases with increasing displacement amplitude 
or with reduced normal load for both evaluated material combinations 
(Figs. 12 and 13). This agrees with findings by Zhou et al. and Haviez 
et al. [16,19]. Wang et al. [31] state that more oil is released from the 
grease matrix at increasing slip amplitude due to stronger mechanical 
shear and that the released oil is able to penetrate the contact, resulting 
in reduced friction and wear. Another aspect of increased displacement 
amplitude is that the reciprocating fretting motion will help the grease 
enter the contact as the covered width, i.e., the portion of the contact 
area that remains covered throughout a fretting cycle is reduced. 

Warmuth et al. [11] investigated the roles of contact conformity, 
temperature and displacement amplitude in fretting of oil-lubricated 
cylinder-on-flat steel contacts. They found that the lubricant penetra-
tion was controlled by i) the width of the contact that remains covered 
throughout the fretting test, which is related to the displacement 
amplitude, and ii) the lubricant viscosity. Four parameters were stated 
to influence the protection offered by the lubricant, under the assump-
tion that it had successfully penetrated the contact, namely i) lubricant 
viscosity, ii) sliding velocity, iii) nominal contact pressure and iv) 
chemical effects. Even though their contacts were lubricated with oil 
rather than with grease, similar findings have been found also in the 
present work as argued in this and the upcoming sections. 

With a fretting frequency held constant, the sliding velocity increases 
with displacement amplitude. The maximum sliding velocity for a per-
fect sinusoidal motion at ±50 and ±200 μm at 100 Hz, is 31 and 126 

mm/s, respectively. This velocity difference possibly affects the greases. 
The coefficient of friction during slip of PP-lubricated Ag/Cu contacts is 
higher at ±200 μm than at ±50 μm (Figs. 4 and 8), i.e., the friction is 
obviously influenced by the sliding velocity. The LiX-lubricated contacts 
show the same friction levels independent of sliding velocity. 

Temperature and humidity are other parameters that can influence 
the fretting results [32–35]. Since the contacts in the present study are 
grease lubricated and tested at room temperature, and since the sliding 
velocities are relatively low, the average temperature in the contacts is 
assumed to be quite unaffected and constant, at least for the Ag/Cu 
contacts that during sliding are well-lubricated. The steel contacts 
lubricated with PP-10, PP-50 and PP-100 were sliding with high friction 
when tested at ±200 μm at 50–80 N. No temperature measurements of 
the contacts have been made in the present work, and the effect of a 
temperature increase on the lubricating properties of the greases and the 
contact in general are not known. The effect of humidity has not been 
investigated but is likely most relevant for unlubricated contacts. 
However, the lubricant, and especially the additives in the lubricant may 
be affected by humidity. Since we use greases without additives, hu-
midity should have a minimal impact on the fretting results. 

4.4. Effect of material combination and characteristics of the contact 
areas 

Due to their low hardness, the Ag/Cu vs Ag/Cu cylinder contacts 
become plastically deformed already under stationary loading condi-
tions (5–80 N). Kassman Rudolphi et al. [4] estimated the limit for pure 
elastic deformation, i.e., the normal yield forces, to 12 N for copper and 
4 N for silver, for Ag/Cu cylinders similar to those in the present study. 
Due to the fretting vibration, the contacts show massive plastic defor-
mation, contact area growth and mixing of the silver coating with the 
copper substrate. These aspects have been addressed in detail by Kass-
man Rudolphi [4,36]. The contact diameter resulting from a fretting test 
is larger than the calculated initial contact diameter presented in Fig. 2a 
and much larger than the pre-set displacement amplitude. The real 
contact pressures are therefore lower than the calculated initial 
maximum contact pressures presented in Fig. 2a. 

The welded grease-lubricated steel contacts (at ±50 μm displace-
ment amplitude and 50 N load) stay in the welded regime throughout 
the test. They show no contact area growth and no formation of cracks or 
cavities along the contact rim, as did the Ag/Cu cylinders. The effect of 
surface roughness has not been investigated in the present study. 
However, for Ag/Cu the initial surface roughness has little impact on the 
fretting results since this material here instantly shows substantial 
plastic deformation. Based on the contact areas in Fig. 7, showing the 

Fig. 10. Coefficient of friction for steel cylinders tested with a) LiX-10, LiX-50 and LiX-100 and b) PP-10, PP-50 and PP-100 at a pre-set displacement amplitude of 
±200 μm. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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stationary cylinder from steel vs steel tests at ±50 μm, the plastic 
deformation is relatively large also for the steel specimens. Fretting 
experiments with varying surface roughness would be needed to clarify 
how this can influence the behavior of steel in grease-lubricated fretting 
contacts. 

4.5. Effect of thickener type 

Different thickeners form different thickener structures, as exem-
plified in Fig. 3 (showing untested grease). The structures may have 
been affected by the oil removal procedure [37,38]. Further, they likely 
become degraded or at least somewhat altered by the severe shear in the 
fretting tests. With these aspects in mind, the SEM images serve as a 
comparison between the different thickeners, even though they are not 
the same as in the tribological contact. 

No difference could be found in the SEM between the thickener 

structures of greases sharing the same thickener type but having 
different base oil viscosities. Several authors report that factors such as 
base oil viscosity, thickener concentration and cooling rate (during 
grease manufacturing) influence soap-thickener structures [38–40], 
such as LiX. The PP thickener is produced in a different way than LiX, but 
also for PP the parameters are important for the resulting thickener 
structures. 

The thickener type has a strong impact on the ability of the grease to 
lubricate a fretting contact when the oil viscosity is low. With higher oil 
viscosity the oil dominates, and the effect of the thickener is reduced. 
This phenomenon is further discussed in section 4.6. 

The high unstable friction in Fig. 10b and the resulting contact areas 
showing adhesive wear (Fig. 11) reveal that the PP grease fails to protect 
the surfaces from metal-to-metal contact. Based on EDS analysis of 
contacts tested at ±200 μm and 50 N load, more grease residues 
(thickener and/or oil) are left in the contacts lubricated with PP than 
with LiX (based on more carbon signal). Also in Ref. [22], where PP and 
LiX greases were evaluated in a 4-ball wear test equipment with steel 
balls, the balls from PP-lubricated tests showed more surface damage 
than the LiX-lubricated contacts. The surface damage was a result of 
more wear and more formation of tribofilms, based on iron oxide and 
carbon. The carbon-rich films, sometimes also found together with ox-
ygen, were believed to be formed of grease constituents. 

In the gross slip regime of Ag/Cu cylinders (at ±200 μm displace-
ment amplitude), the coefficient of friction is generally slightly lower for 
LiX than PP grease in fretting contacts [21,22]. PP molecules are 
degraded into smaller fractions when exposed to very high shear forces 
and high contact pressures [25,41]. These degraded molecules can act as 
friction modifiers, which reduce the friction [25]. This was found when 
the PP thickener had been run for several days in bearing tests and is 
therefore not necessarily true for the 20 min fretting tests in the present 
study. Even if the friction modifiers are formed, the fretting contact 
differs from the contact situation in a bearing, and hence it is possible 
that the greases behave differently. Further, LiX and PP have different 
chemical natures. The lithium soap is a polar organic salt and PP is a 
hydrocarbon molecule with limited polarity. These can very well have 
different affinity to the metal surfaces, and thereby alter the tribological 
interactions in the lubricated contact. 

4.6. Effect of base oil viscosity 

Once a weld has formed between two Ag/Cu cylinders, the viscosity 
of the base oil proves important. The higher oil viscosity, the longer time 
in the weld regime before the weld breaks (Fig. 4). This result correlates 
well with those in Refs. [8–11], where the oils with lower viscosity more 
effectively prevent fretting damage since they more readily reach the 
fretting area. The results suggest that higher viscosity oils require more, 
and perhaps also larger, cracks and cavities in the weld periphery to 
initiate breaking of the weld. This reasoning is based on the observed 
longer times in the weld regime. 

The base oil viscosity clearly has an influence on the lubrication 
behavior of LiX and PP greases. There is almost no difference between 
LiX-100 and PP-100 for Ag/Cu and steel cylinders, respectively (Fig. 13). 
A clear difference was seen for LiX-10 and PP-10 (Fig. 12). This follows 
the explanation that the effect of the thickener is lost in greases with a 
high oil viscosity [25]. In bearing tests with varying oil-viscosity grades 
it was found that for PAO-50 oil there was no difference between LiX and 
PP greases in churning (redistribution of grease inside the bearing after 
starting a newly lubricated bearing). A difference was observed between 
LiX-10 and PP-10, where the PP thickener was considered to have a 
higher ability to enter the contact, resulting in thicker films and stronger 
churning effects [25]. The difference between the viscosity grades was 
explained by the fact that a high base oil viscosity in itself results in a 
high film thickness, which hides the effect of the PP thickener entering 
the contact. 

For steel, the lubricating effect of PP-100 is similar to PP-10 at 

Fig. 11. SEM overview images of the contact areas on the stationary cylinder 
from tests performed at a pre-set displacement amplitude of ±200 μm on steel 
cylinders. The cylinder axis is perpendicular to the vibration direction. Vibra-
tion direction of the vibrating countersurface as indicated in a). a, c, e, g and h) 
LiX grease and b, d and f) PP grease. g) and h) SEM and the corresponding EDS- 
map showing the iron, oxygen and carbon signal in the top part of the wear 
mark in a). (For interpretation of the references to color in this figure legend, 
the reader is referred to the Web version of this article.) 
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displacement amplitudes ±25 and ±50 μm. At ±200 μm, PP-100 offers 
slip for the whole tested load interval while PP-10 enters the slip with 
unstable friction fretting regime at 50 N applied normal load and above. 
The higher base oil viscosity in PP-100, which results in a higher film 
thickness [42], is probably the reason for the improved lubricating 
performance. 

5. Conclusions 

Based on the results in the present study and the previously pub-
lished papers comparing LiX- and PP-thickened greases in fretting [21, 
22], the two grease types clearly differ with respect to lubrication 
behavior. The lubrication mechanisms of LiX and PP greases in fretting 
are not easy to fully understand. However, we have demonstrated that 
parameters such as applied normal load, displacement amplitude, ma-
terial combination, contact area growth, thickener type, base oil vis-
cosity, chemical effects, etc., all influence the lubricating effect and the 
prevailing fretting regime. The constructed fretting maps have been 
used as a tool to better understand and compare the lubricating 

mechanisms of the tested greases. The influence of factors such as sur-
face roughness, temperature, humidity, etc., have not been investigated 
in the present study, but may influence the extensions of the regions in 
the fretting maps. The key findings are:  

• In fretting contact, the tribological behavior of a grease is extremely 
complex, and its ability to lubricate the contact is highly influenced 
by the test conditions. Specifically, the thickener structures and 
properties of LiX and PP have decisive impact on the lubricating 
properties of the corresponding greases.  

• It is important to be aware of the loading conditions and fretting 
amplitude when selecting grease type.  

• There is no standard choice between LiX and PP greases, that will 
always result in better contact conditions, lower friction, wear, etc.  

• For Ag/Cu, PP-10 is generally better than LiX-10 to avoid welding 
between vibrating cylinders. 

• For steel, LiX-10 is generally better than PP-10 to provide slip be-
tween vibrating cylinders and protect them from wear. 

Fig. 12. Maps showing fretting regimes as function of normal load (and corresponding maximum initial contact pressures given to the right) and pre-set 
displacement amplitude, when using the low viscosity versions of the greases. a) Ag/Cu cylinders lubricated with LiX-10 grease, b) Ag/Cu cylinders lubricated 
with PP-10 grease, c) steel cylinders lubricated with LiX-10 grease and d) steel cylinders lubricated with PP-10 grease. During welding there is no relative 
displacement at the contact interface. This means that the welded contact sustains the full pre-set tangential driving force, (i.e., the force corresponding to the pre-set 
displacement amplitude). This also means that the friction gauges now measure this pre-set tangential force. During slip, where the friction forces are relatively low, 
the measured actual displacement of the table is close to the pre-set displacement amplitude. 
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• The difference in lubricating effect found between LiX-10 and PP-10 
is almost lost for LiX-100 and PP-100, i.e., when the base oil viscosity 
is high (100 cSt at 100 ◦C).  

• The effect of the base oil viscosity is not straight forward; depending 
on displacement amplitude and material system, shifting the vis-
cosity can either improve or impair the lubrication situation. 
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