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A B S T R A C T   

An initial friction peak typically occurs in a dry self-mated quenched and tempered steel fretting contact in gross 
sliding conditions. The peak is related to adhesive friction and wear, which causes non-Coulomb friction. An 
early surface degradation including cracks may occur. To avoid such a peak, different media were studied using a 
flat-on-flat fretting test device with a large annular contact. All the media decreased the initial friction peak in 
comparison to the dry reference case, and in one series the peak was completely removed. The peak could often 
be delayed by lubrication. The steady-state coefficient of friction values mostly remained at similar levels to 
those of the dry contact, but decreased when oil was applied. Nevertheless, some surface damage occurred in 
every test, with varying amounts of wear.   

1. Introduction 

Fretting is characterised as small amplitude cyclic rubbing between 
surfaces in contact that can cause fretting fatigue and fretting wear. 
Fretting fatigue can notably decrease fatigue life and lead to early failure 
in machines and other applications. The rubbing can be caused by loads 
being transmitted along the contact interfaces in assemblies, or by vi-
brations. The sliding amplitudes typically range from a few micrometres 
up to some tens or hundreds of micrometres. In a gross sliding condition, 
the whole nominal contact area is sliding. Sometimes however, only a 
part of the nominal contact area is sliding, and this is called a partial-slip 
sliding condition. There is also, in fact, a mixed fretting regime which 
encompasses both of these conditions during its loading history. The 
coefficient of friction (hereafter ‘COF’) is known to be high in fretted 
contacts, whatever pair of materials is in contact. Thus, shear tractions 
increase and consequently, stresses in the contact. Ultimately, this can 
lead to cracking and wear. It is generally acknowledged that non- 
idealities in fretting [1] make fretting a challenging phenomenon. 

Many palliatives, such as lubrication, have been proposed to alle-
viate fretting damage. In the field of tribology, lubrication is an efficient 
way to decrease friction between sliding contacts and to decrease wear. 
For example, greases are often used to improve fretting behaviour in 
steel ropes or even electrical connectors [2]. Numerous fretting studies 

have shown that greases [3] and oils [4,5] not only decrease COF but 
also decrease the amount of wear compared to a dry contact [3,6,7]. 
Lubrication has been proved to either delay or eliminate the initial peak 
of COF before stabilization [5]. However, it has also been shown that 
lubrication can only decrease COF significantly during the initial loading 
cycles [8]. Circulating lubricant is also beneficial because it may also 
transfer wear debris away from the contact [9]. It seems certain that the 
amount of available oxygen in the contact can have a significant effect 
on fretting wear. The adhesion increases notably in nitrogen due to the 
lack of an oxide layer, although the wear rate can be lower than in air 
[9]. An important role for the lubricant is to limit the amount of oxygen 
in the contact [5,9], as this limits oxidization of the debris from the 
fretting wear. It appears that grease is a better oxygen inhibitor than oil 
[10]. If oxidation can be prevented or even reduced, this can result in 
steels with larger dark grey regions in the fretted surfaces, rather than an 
overall orange-red coloration [5]. 

However, lubrication does not necessarily have only positive effects 
on fretting. In practice, a lubricated contact can increase slip by 
increasing frictional energy dissipation and thus, the amount of wear. It 
has been shown that accumulated dissipated energy correlates with 
wear volume in lubricated fretting contact conditions [11]. Neverthe-
less, lubrication may decrease tangential forces, and in turn, decrease 
dissipated energy and wear, as well as friction-induced stresses. It can 
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also change the wear mechanism [7]. Zhou et al. [8] have suggested that 
oil may penetrate into surface cracks leading to a higher risk of debris 
becoming detached, which also increases wear. 

The viscosity of the lubricant and the operating parameters both 
have an effect on the lubrication state in fretting conditions [11]. COF 
has been observed to increase as the viscosity of the lubricant increases, 
though the relationship is not quite linear [12]. Similar behaviour was 
also observed in Ref. [10] after the initial loading cycles. In addition, 
increased fretting loading frequency can diminish lubrication and in-
crease COF [2]. Within sliding amplitudes of a few micrometres, a dry 
contact had the lowest COF, but when the slip was increased, the 
lubricated contact had the lowest COF [12]. The lubricant may be 
removed from the contact by the fretting motion, leading to decreased 
lubrication conditions, but on the other hand, penetration of a new 
lubricant is possible [2]. Qin et al. [13] observed that oil penetration 
into the contact was less effective in more-conforming contacts. A 
lubricant may be removed from the central contact zone during cyclic 
loading, but it may still ‘isolate’ the contact [5]. However, even if the 
fretting contact is lubricated, metal-to-metal contact is almost sure to 
happen [5]. 

Solid lubricants can be effective in terms of COF and wear in fretting. 
Graphite in oil can decrease wear compared to an oil lubricated condi-
tion [5]. MoS2 and graphite coatings effectively decreased the COF 
during the initial loading cycles, though the COF started to increase 
when the coating was worn [14]. Solid lubricants have been considered 
more suitable in small sliding conditions (partial slip condition) whereas 
grease and oil lubrication are more suitable at higher sliding magnitudes 
(gross sliding) [2]. 

Fretting in steels is characterized by a reddish-brown ‘cocoa’ wear 
debris. Even if the contact surfaces are initially in contact and the 
relative motion is initiated by a mechanism such as shear, fretting in-
duces oxidized wear debris that forms a third body layer between the 
surfaces [15], allowing the motion to be adapted via a velocity accom-
modation mechanism [16]. This prevents direct metal-metal contact and 
decreases adhesion. As a result, the main wear mechanism may change 
from adhesion to abrasion. Basically, if the adhesive wear is dominant, 
the worn particles are useful, but in the case of abrasive wear they 
contribute to the degree of wear [17]. 

Corrosive conditions change frictional behaviour and the presence of 
corrosion products may change the dominating wear mechanism [18]. 
Fretting experiments in a flat-on-flat contact revealed that wear was 
lower in artificial seawater containing mainly NaCl than it was in 
filtered water, indicating that the corrosion products acted as a lubricant 
[18]. An oil-lubricated contact still had the lowest wear. Dry contact 
conditions led to the highest wear, and even pure water decreased wear. 
The results for the COFs were similar, as the steady state COF was 
highest in the dry contact and decreased in both types of water. How-
ever, the lowest COF was clearly observed in the oil-lubricated contact. 
In another study, the COF also decreased when water containing chlo-
rides, such as sodium chloride, was used compared to pure water [19]. 
However, wear had the opposite behaviour. Compared to the dry and 
grease-lubricated wire rope contacts, the lowest COF was achieved in 
experiments with the NaCl solution [20]. 

Initially-peaking COF has not only been observed in dry gross-sliding 
fretting experiments using self-mated quenched and tempered (‘QT’) 
steel specimens [21], but also with cast iron and structural steel [22,23]. 
The experiments with QT have shown that COF increases over unity, as 
high as 1.5, within the first few hundreds or thousands of loading cycles. 
After peaking, COF stabilises to values at about 0.7–0.8. The initial peak 
in COF has been related to adhesive friction and wear causing 
non-Coulomb friction [24]. In non-Coulomb conditions, friction force in 
gross sliding increases as the turning point is approached. In ideal 
conditions, the friction force remains constant. Adhesive wear causes 
protrusions and depressions on the surface which are tangentially 
interlocked [24]. Adhesive material transfer ‘spots’ [21,25] contain se-
vere damage in terms of wear, plastic deformation, tribologically 

transformed structure and cracks, already observable within the initial 
loading cycles [26,27]. 

As the initial high friction peak is linked to non-Coulomb friction and 
fretting damage, further approaches to avoiding such a peak have been 
assessed. It has already been demonstrated that a preceding running-in 
phase with small sliding amplitude before the gross sliding phase can 
diminish the friction peak [28,29]. In addition, the concept of stable 
friction [30] determines the level above which the friction starts to peak. 
In this study, different media and intermediate layers between the 
fretting contact surfaces were studied using self-mated quenched and 
tempered steel specimens. The ultimate goal of these media would be to 
separate the contacting surfaces, thus preventing direct metal-to-metal 
contact. The main focus was to study the fretting-induced frictional 
behaviour, and the fretting damage in terms of fretting scar inspections 
and wear characterization. An annular type of contact was used that has 
large nominal contact area and no geometrical edges in the sliding di-
rections. Thus, this may reasonably emulate practical contacts, such as 
bolted joints and interference fits. Three different oils and greases were 
studied: an engine oil and a gear oil and a grease with graphite and EP 
additives. Copper and molybdenum sulphide pastes were also used. In 
addition, an artificial debris layer (third body layer) was imposed on the 
test surfaces, and pre-corroded specimens were also studied. This is a 
full-length article from an extended abstract [31] with additional 
experiments. 

2. The experiments 

2.1. The test device 

An annular-type fretting test device was used in the study, which has 
been comprehensively presented elsewhere [21], and only a brief 
overview is given here. This consists of two similar flat-ended specimens 
forming a nominal contact area of 314 mm2. The inner ri and outer ro 
radiuses of the specimens are 7.5 mm and 12.5 mm, respectively. The 
specimens and the whole device with scale bars are shown in Fig. 1. 

The specimens are under static normal load created by a hydraulic 
cylinder. One specimen is fixed to the frame of the device and the second 
is cyclically rotated around the central axis, which in turn creates slip 
between the specimens (Fig. 1). The cyclic (oscillating) rotation at a 
frequency of 40 Hz is created with an electric vibrator via a lever arm. 
The test device allows the use of a wide variety of nominal normal 
pressures and sliding amplitude values. 

The cyclic rotation of the specimen is measured and elastic de-
formations are extracted from the measurements to determine the actual 
sliding amplitude, ua, at the contact. This measurement is also used to 
control the rotation actuator, meaning that the device is displacement 
controlled. The normal load P and frictional torque T are also measured. 
Other measured signals are presented in Ref. [21]. The maximum COF 
(‘COFmax’) is determined from the measured maximum torque (T) value 
during a loading cycle and normal pressure distribution p(r), as shown in 
Equation (1), 

COFmax =T
/
⎡

⎣2π
∫ro

ri

r2 × p(r)dr

⎤

⎦ (1) 

The normal pressure distribution in radial direction has been 
calculated using the finite element method and it holds about 18% 
higher value at the inner radius ri and about 18% lower value at the 
outer radius ro, compared to the average normal pressure value. How-
ever, constant normal pressure can be assumed, as the resulting error is 
smaller than 1% [30]. The mean COF (‘COFmean’) is based on the fric-
tional energy dissipation Ed, which is the work done by the frictional 
contact and coincides with the area inside a fretting loop over one 
loading cycle. The loop is formed by the frictional torque and angle of 
rotation θ, which are both measured. COFmean is calculated from the 
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accumulated dissipated energy Ed, rotation amplitude θa, and p(r), as 
shown in Eq. (2). 

COFmean =Ed
/
⎡

⎣8π
∫ro

ri

r2 × θa × p(r)dr

⎤

⎦ (2) 

The difference between the maximum and mean COFs, ΔCOF (i.e., 
ΔCOF = COFmax - COFmean), is used to indicate the level of non-Coulomb 
friction [24]. The higher the ΔCOF, the higher the level of 
non-Coulombness. 

2.2. Materials and test specimens 

The specimens were manufactured from quenched and tempered 
steel, EN-10083-1-34CrNiMo6+QT. The contact surfaces were ground 
leading to circular scratching marks in parallel with the fretting motion. 
The arithmetical mean surface roughnesses, Sa, of the contact surfaces 
were between 0.18–0.29 μm. The properties and numbers of tests of all 
the studied media are listed in Table 1. Viscosity and NLGI class are 
provided by the manufacturers. 

Both the motor oil (Oil A) and the gear oil (Oil B) are synthetic and 
the gear oil has EP additives. The viscosities of the aforementioned oils 
are 5.6 mm2/s and 15 mm2/s (both at 100◦), respectively. The base 
mineral oil viscosity of the grease (Grease) is 280 mm2/s at 40 ◦C and it 
has a lithium thickener and the NLGI classification of the Grease is two. 

The copper paste (Paste A) has semi-synthetic base grease and it is 
intended to withstand high temperatures and pressures in practical use. 
The assembly paste (Paste B) contains molybdenum sulphide and it is 
intended to resist seizing up when the machine parts are being 
assembled. 

2.2.1. Test procedure 
The specimens were washed in an ultrasonic cleaner before applying 

any action using first acetone followed by ethanol. The same cleaning 
procedure was applied after testing before any post-analysis. The 
cleaned specimens were weighed before and after testing with a preci-
sion scales, Precisa EP 420A to quantify the amount of wear. Fig. 2 
shows schematically the arrangement when applying oils (A) and the 

Fig. 1. The annular flat-on-flat fretting test device and the test specimens used.  

Table 1 
The media studied, their series names used in the study and the number of tests.  

Name Series name Number of tests 

Engine oil Oil A 2 
Gear oil (extreme pressure) Oil B 1 
Copper paste Paste A 2 
Lubricant paste incl. molybdenum sulphide Paste B 2 
Grease with EP additives and graphite Grease 2 
Pre-added fretting debris PreTBL 2 
Pre-corroded specimens PreCorr 3  
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pastes and the grease (B). 
Special specimen clamping screws were used to allow the oil to flow 

freely to the contact through the screw (Fig. 2). An oil reservoir was 
placed above the test device and the screws were sealed to avoid 
external leakage. This arrangement creates insignificant hydrostatic 
pressure compared to contact loads. When starting the tests, the normal 
load was applied and the contact closed once the internal space in the 
specimens was filled with oil. In this way, the oil was spread completely 
all over the contact interface. Naturally, the inside edges of the speci-
mens were in oil, but the outer edges were surrounded by the atmo-
sphere, though the outer surfaces had some traces of oil on them. In the 
case of the grease and pastes, those were initially applied into the gap 
between the specimen contact surfaces before applying the normal load. 
When the normal load was applied, any excess medium was squeezed 
out of the contact, and this remained around the contact interface as 
shown schematically by the patches in Fig. 2B. 

Wear debris collected from previous dry fretting tests with the same 
test device and using the same steel was mixed with ethanol and applied 
to the specimen’s contact surface to create an artificial debris layer 
(labelled as ‘PreTBL’). After the solvent had dried, the contact was 
closed by the normal load and a test started. Pre-corroded specimens 
(‘PreCorr’) were submerged in sodium hypochlorite (NaClO) for several 
hours before testing. The specimens were left to dry before testing. 
Corrosion products were present all over the contact surface. The 
counter specimen was un-corroded. Otherwise, the same test routine 
[21] was followed in all of these tests. A total of fourteen experiments 
were carried out in gross sliding conditions with a sliding amplitude of 
35 μm and nominal normal pressure of 30 MPa. The evenness of the 
normal pressure distribution for every test was checked and adjusted 
using a pressure-sensitive film. Each test lasted for three million loading 
cycles. The rotation amplitude (sliding amplitude) was ramped up 
during the first 400 loading cycles. The tests were carried out in typical 
laboratory-room conditions. The results are compared with the refer-
ence tests in dry contact conditions which had the same sliding ampli-
tude and normal pressure. These tests were carried out and published 
earlier [21]. After testing, the contact surfaces (fretting scar) were 
analysed using a field emission scanning electron microscope FESEM 
(Zeiss ULTRAplus) with an energy dispersive spectrometer EDS (Oxford 
Instruments XMaxN). 

3. Results 

3.1. Frictional behaviour 

Fig. 3 shows the COFmax values of all the test carried out. The results 
for the oils are on the left, the pastes and grease in the middle and the 
artificial debris layer and pre-corroded specimens on the right. The 
vertical dotted line is at the point of 400 loading cycles showing the 
rotation ramping-up phase. The curves are presented after 100 loading 

cycles where the contact is already in gross sliding conditions (except 
PreTBL), though the sliding amplitude continues to increase during the 
ramping-up phase up to 400 loading cycles. In the PreTBL series, clear 
and stable gross sliding conditions are achieved after contact alignment 
after about a few hundreds or thousands of loading cycles. The 
misalignment is caused by uneven distribution of the added wear debris, 
which cannot be avoided with the used method. The solid black line 
show the reference tests in dry QT-QT conditions [21] with the same 
sliding amplitude and normal pressure values. In the dry contact con-
ditions, the initial COF peaks occur at a value of about 1.4 and decreases 
over the following ten of thousands of loading cycles until it stabilises at 
a value of around 0.8. 

Fig. 3 shows that the friction peak value decreased in all the exper-
iments. The lowest peak value for COFmax occurs with the oils and is 
about 0.7. With Grease, Paste A and Paste B, the average peak values 
were about 1.2, 1.1 and 1.3, respectively. The average peak value in the 
PreCorr series was 1.0. In the PreTBL series, however, there is no friction 
peak. There was also a delay in the friction peak. The delay ranged from 
1000 loading cycles (in the case of Grease) up to 20 000 loading cycles 
(Paste B). Very low COF values occurred before peaking, being about 
0.03 at minimum with Pastes A and B. With the exception of the oils, 
similar levels of steady state COFmax values occurred as in the dry con-
tact. Slightly lower values occurred with Paste A, Grease, PreTBL and 
PreCorr, whereas Paste B had a slightly higher COFmax value. However, 
the steady state COFmax values notably decreased in both oils, being 
about 0.4, which is a relatively low value and indicates that the lubri-
cation has a clear effect throughout the tests. Fig. 4 presents the COFmean 
results. 

A similar trend is observed in COFmean peak values, as was seen with 
the COFmax values, Fig. 4. The maximum COFmean value in the reference 
test is about one, and the peak value is lower in every test regardless of 
the medium. The closest value to the reference test is with Paste B, about 
0.7. The peak in oils is again low, about 0.4. Similar behaviour in the 
delay of the peak also happens. Grease has the shortest delay, whereas 
the delay increases with the oils, and with Paste B and the PreCorr. The 
longest delay is in fact with Paste B. However, this paste has the 
maximum peak value. In the steady state values, all the tests except the 
PreTBL indicate somewhat decreased values compared to the reference. 
However, once again, it is the oils that have the lowest values and the 
COFmean of Oil A is even below 0.2. Fretting loops of different tests 
during loading are shown in Fig. 5. The sliding amplitude is the result of 
the angle of the rotation multiplied with contact middle radius. 

Non-Coulomb friction can be observed at the beginning of every test 
except in PreTBL. However, non-Coulomb conditions are mostly 
declining with increasing load cycles. Especially in the case of Refer-
ence, Grease and PreTBL, the shape of the loop at the end of the test 
resembles ideal-Coulomb loop and the torque is somewhat constant 
during the gross sliding phase. In the rest of the cases, especially in Paste 
B, the torque still increases during the gross sliding phase at the end of 

Fig. 2. The arrangements for applying the oils (A) and the pastes and grease (B).  

J. Juoksukangas et al.                                                                                                                                                                                                                         



Wear 460–461 (2020) 203353

5

the test. Fig. 6 presents the level of non-Coulombness of the tests (i.e. 
COFmax - COFmean). The average values of ΔCOF of the test series are 
presented. 

In Fig. 6, mostly the peak value decreases compared to the reference. 
However, with Paste B, a higher peak in ΔCOF occurs and Grease has a 
similar level of non-Coulombness. ΔCOF values at the stabilized friction 
regime after some tens of thousands of loading cycles are mostly higher 
than in the Reference. The exception is the PreTBL, in which the non- 
Coulombness basically diminishes throughout the tests. With the oils, 
a large proportion of their friction is due to the non-Coulomb effect. 
Fig. 7 shows the average frictional energy dissipation of the tests 
compared to the first reference test. The error bars show the difference 
between minimum and maximum value of each series. 

All the media decreased the frictional energy dissipation compared 
to the dry reference tests. A clear discrepancy is the values of the oils 
compared to the other media. Both the oils dissipate only about 20–40% 
of the energy that the dry contact does. The other cases have closer 
values to the reference. The values of the individual tests within each 
series are at reasonably similar levels. 

3.2. Fretting scar observations 

The fretting scars of the specimens are shown in Fig. 8. A cursory 
glance of the contact surfaces immediately reveals that fretting damage 

occurred in every test, demonstrating that none of the pairs of contacting 
surfaces were completely separated by the media. Compared to the 
reference tests, there is less reddish-brown coloration, especially with 
the Grease, Oils and Pastes. The surfaces are greyer and more metallic in 
colour than they are in the dry contact. This difference in colour in-
dicates changes in the composition of the debris screens. Especially in 
the Grease, PreTBL, PreCorr and the Paste A and B series, large areas of 
visually smooth-looking metallic surface exist. There is still quite a lot of 
intact surface in the Oil A specimen shown in Fig. 8. The fretting scar 
does not completely cover the contact surface and the grinding marks 
can be still seen. The most noticeable change in surface topography 
occurred in the Paste B test, where local protrusions were visible on the 
surface. These areas might be the reason for the excessive non- 
Coulombness observed (Fig. 6). However, local damaged regions that 
seem to be areas of adhesive metal-to-metal scarring can be seen in all of 
the tests. 

EDS data was collected from one specimen of each media, except in 
PreCorr series from two specimens of a test. Two to four locations were 
chosen by eye from each individual surface using optical microscope 
images. 5–10 EDS measurements were taken from each of these loca-
tions. This resulted in the total of 144 individual places for oxygen 
determination. Examples are shown in Fig. 9. As the EDS cannot detect 
oxygen with high accuracy, rounded values are shown. The locations of 
these are marked on the surfaces with grey rectangles in Fig. 8. 

Fig. 3. COFmax of all tests and the reference dry QT-QT. The test start-up takes place during the first 400 loading cycles (vertical dotted line).  

Fig. 4. COFmean of all tests and the reference dry QT-QT. The test start-up takes place during the first 400 loading cycles (vertical dotted line). (For interpretation of 
the references to color in this figure, the reader is referred to the Web version of this article.). 
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Secondary electron (SE) images (maximizing topographical contrast) are 
on the left and backscattered electron (BSE) images (maximizing 
compositional contrast) on the right with the regions of EDS measure-
ments shown. 

The reference scar (Fig. 9A and B) shows typical characteristics 
observed in dry fretted contact with the self-mated steel pair. Oxide 
layers with high level of oxidation (over 50 At-%) exist and indication of 
material transfer can be found. Oxide layers do not cover all the image. 
Oil B (C-D) shows typical characteristics observed with the lubricants. 
Different kind of morphology can be seen with signs of plasticity and 
particulate debris, that typically has no oxygen or only a small amount, 
as is shown in the figure. In PreTBL (E-F), the whole image is covered 
with oxidized layer with high amount of oxygen. Cracks can be also 
seen, perhaps within the oxidized layer without propagation inside the 
material. PreCorr (G-H) has also widespread oxidized layers with high 
amount of oxygen. Flaking of the layers can be observed, which may be 
detached during loading. This behaviour may explain the higher level of 
wear (Fig. 11) compared to others. Though the amount of carbon cannot 

be verified with EDS accurately, the two or three times higher amount of 
carbon in both oils, the grease and both pastes compared to the Refer-
ence, PreTBL and PreCorr suggests that the first contacts mentioned 
have remnants of lubricant. Fig. 10 shows the average amount of oxygen 
(At-%) in different specimens. The error bars correspond to ±1 standard 
deviation. 

Even though some scatter is present, the results clearly suggest that 
the oils, pastes and the grease inhibit oxidation, as all of these clearly 
have a lower amount of average level of oxygen compared to others. In 
addition, both the pre-corroded and uncorroded specimen have 
approximately the same amount of oxygen (PreCorr1 and PreCorr2). 

3.3. Wear 

Wear was quantified in terms of the mass loss of the specimens. The 
specimens were first weighed before applying any medium, and then 
again after testing. The individual measurements utilizing a reference 
weight included five (three in the case of Reference) scalings of each 

Fig. 5. Fretting loops of different tests at the location of maximum COFmax (black line) and at the end of tests (grey line).  

Fig. 6. ΔCOF of all tests and the reference dry QT-QT. The test start-up takes place during the first 400 loading cycles (vertical dotted line). (For interpretation of the 
references to color in this figure, the reader is referred to the Web version of this article.). 
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specimen. The standard deviation of an individual measurement was 
about 0.5 mg. The average values were used and the mass losses of both 
specimens were calculated and the average mass losses are shown in 
Fig. 11. In the PreCorr series, the mass losses of the un-corroded counter 
specimens are reported. The error bars show the difference between 
minimum and maximum mass values. 

Compared to the reference specimens, on average the oils and also 
the PreTBL decreased wear. However, Pastes A and B and the Grease had 
slightly more wear than the dry contact. The most worn was one of the 
PreCorr specimens. Paste B wore more than Paste A. Similar results were 
obtained in Ref. [32], where an MoS2-lubricated contact wore more 
than one which had graphite lubrication. There were quite large dif-
ferences in the mass losses of the specimens. The negative mass loss 
values of some individual specimens, especially in one of Paste B tests, 
indicate the occurrence of material transfer between the specimens. 

Fig. 12 show the mass losses as a function of average frictional en-
ergy dissipation during a loading cycle (A) and the level of non-Cou-
lombness (B). As Fig. 12 shows, the wear here cannot be explained by the 
increased frictional energy dissipation. Similar results was achieved in 
Ref. [11], where the plain approach of frictional energy dissipation did 
not correlate with the wear that occurred with lubricated specimens, 
though the developed effective frictional energy dissipation did. How-
ever, the level of non-Coulombness has quite a good correspondence 
with the amount of wear. The higher the level of non-Coulombness, the 
higher the mass loss. It might be that tangential interlocking and 

material transfer play a major role in wear behaviour. The low wear in 
the PreTBL series could be explained by the velocity accommodation of 
the third-body-layer. 

4. Discussion 

All the studied media and intermediate layers decreased the 
maximum value of the initial friction peak in gross sliding conditions 
compared to the dry self-mated QT-QT contact. In the dry contact, the 
peak is already reached after only a few hundred loading cycles. A delay 
occurred in all cases, ranging from about 1000 loading cycles to about 
20 000 loading cycles. In these delayed cases, there was typically a very 
low COF before the peak, indicating efficient lubrication. With the 
exception of the molybdenum sulphide paste, the non-Coulombness was 
lower during the initial friction peak, and the same was true for the 
graphite grease. The lower values indicate a decreased amount of ad-
hesive wear during the initial loading cycles and the associated forma-
tion of tangentially interlocked features. Indeed, the biggest interlocked 
feature was found with the molybdenum sulphide paste. Basically, in 
most cases the steady state COF (both COFmax and COFmean) did not 
change much in comparison to the dry reference contact, although there 
were slight differences. At steady state COF, the artificial debris layer 
had virtually no non-Coulombness at all, while the dry contact had the 
second lowest level of non-Coulombness. 

The oils, grease and pastes all have lubricating properties that can 

Fig. 7. Relative average frictional energy dissipation of all tests. (For interpretation of the references to color in this figure, the reader is referred to the Web version 
of this article.). 
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explain the decreased COF. The oils decreased both the initial and the 
steady state COFs notably. The low COF, especially at the beginning, 
indicates very good lubrication conditions in the oils. Some delayed 
friction peaks exist but they are not that high. The magnitudes of the 
COFs (0.2–0.3) indicate boundary lubrication in some dry adhesive 
contacts. Oil additives may also play a role. The low COF levels are 
sustained and indicate oil penetration, so it seems that oil may be 
available all the time in the contact interface. The oils seem to be able to 
provide lubricant media in the long term, which results in lower COFs 
with milder surface damage. The COF and the level of fretting scar 
coverage were higher with Oil B than with Oil A, and this suggests that 
the lower-viscosity oil lubricates the contact better. This could be 

explained by the better penetration of the lower-viscosity oil. Generally 
speaking, lower COF results in decreased stresses. However, in practice a 
low COF may lead to higher slip, and this may also restrict the amount of 
forces that could be transmitted. 

The grease, and especially the pastes, only seem to provide good 
lubrication during the initial loading cycles, after which the COF in-
creases and peaks. The grease had graphite and EP additives, but the 
actual temperature in the contact interface is not known and it is 
possible that the required temperature is not reached and thus the ad-
ditives are not activated. Regarding the differences in the viscosities of 
the two oils, one would not expect the results obtained [12], to show 
much difference in COF and wear. Nevertheless, the higher COFs of the 

Fig. 8. Fretting scars. (For interpretation of the references to color in this figure, the reader is referred to the Web version of this article.).  
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Pastes and the Grease suggest a possible relation between viscosity and 
COF. It seems that the pastes and grease are mostly squeezed out from 
the contact and are not able to make their way back. This indicates that 
the initial lubrication layer sooner or later disappears in a local contact, 
which tends to have metal-metal contacts. In principle, a wide variation 
in the COF is not good for contacts in practice, as the COF may initially 
be too low leading to excessive slippage, and then as it increases it can 
lead to surface damage. High levels of non-Coulombness and wear were 
measured with these, including local adhesion spots. 

In the series where the artificial debris layer was added before 
testing, the friction peak completely disappeared and there was no non- 
Coulombness. This indicates that the debris layer prevented the first 

bodies to contact and remarkably decreased both the initial adhesion 
and also the wear. Although surface damage can still be observed, there 
is no excessive creation of adhesion spots. Furthermore, the COF 
behaviour is relatively stable and the steady-state COF is the same as for 
the reference case, so the contact seems to reach steady state friction and 
wear mode almost instantly, without any adhesion at the beginning. The 
reasonable level and stable COFs achieved are good for practical fretting 
contact design. The artificial debris layer basically acts as a solid 
lubricant (velocity accommodation), thus decreasing COF. The same 
phenomenon might be happening with the pre-corroded tests, as the 
corrosion products act as solid lubricant on the otherwise dry contact 
surface. It may be assumed that in both cases, but especially in the first 

Fig. 9. Fretting scar SEM-micrographs (SE and BSE, from the same location) with EDS.  
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Fig. 10. Amount of oxygen (At-%).  

Fig. 11. Average mass losses of the experiments. (For interpretation of the references to color in this figure, the reader is referred to the Web version of this article.).  
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case, the fretting motion is mostly accommodated by the formation of 
the third body, thus lowering the COF. Indeed, in the pre-corroded test 
series, the friction peak also greatly decreased, but local spots of adhe-
sive wear damage occurred on the surface. However, the steady state 
COF remained unchanged in this case, too. 

The level of average non-Coulombness corresponded reasonably well 
with wear in terms of mass losses, but the plain accumulated frictional 
energy dissipation did not. The oil test specimens had somewhat fewer 
areas of fretting scar than the other specimens, and also had the lowest 
COF and the lowest level of average frictional energy dissipation. The 
tests with the oils, pastes and the grease seemed to result in less oxida-
tion as measured by SEM-EDS and also indicated by the amount of 
reddish-brown discoloration, and this obviously is due to the oxygen 
‘sealing effect’. As the space inside the specimens is filled with oil, this 
should limit the amount of oxygen that can enter the inside of the 
contact. On the other hand, the specimen’s outer surfaces are exposed to 
air, so different levels of oxidation might be expected at the inner and 
outer edges, but this kind of behaviour was not observed. As motion 
occurs between the two flat-ended surfaces without any movement 
applied in the normal direction, it is clear that full film lubrication 
cannot exist in principle. Furthermore, the lack of clearance between the 
precisely manufactured contacting surfaces, or the very small clearances 
within the small surface roughness scale might be enough of a barrier to 
prevent the lubricant from entering the contact. 

5. Conclusions 

Dry fretting contact with steels is characterized by a high initial 
friction peak in gross sliding conditions. This leads to adhesive surface 
damage and non-Coulomb friction. Different media were studied in 
similar fretting conditions to prevent friction from peaking. These media 
were two different oils, one grease, two pastes, an artificial wear debris 
layer and a pre-corroded layer. The main conclusions of the study are as 
follows:  

• All the media, expect the grease, notably decreased the initial friction 
peak compared to the dry reference case.  

• The artificial wear debris layer eliminated the friction peak 
completely. It also had large areas of smooth fretted surface that 
could be seen by visual inspection.  

• The frictional behaviours were characterized by a delay in the peak 
ranging from some hundreds of loading cycles up to twenty thousand 
loading cycles. Low coefficient of friction (COF) values were 
measured before the peak in some cases, indicating good initial 
lubrication.  

• Exceptionally, the oils had relatively low COF throughout the tests. 
The steady state COFs with the other media were on much the same 
level as with the reference (0.7–0.8). The oils clearly dissipated less 
frictional energy than the other media.  

• One paste had higher level of non-Coulombness than the reference, 
but the others had lower values.  

• Fretting scars and damage were observed in every test. It is possible 
that the lubricants may seal the contact interface, thus decreasing the 
level of oxidation, as indicated by EDS measurements.  

• There was reasonable agreement between the amount of wear and 
the level of non-Coulombness. 
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[30] J. Hintikka, A. Mäntylä, J. Vaara, T. Frondelius, A. Lehtovaara, Stable and unstable 
friction in fretting contacts, Tribol. Int. 131 (2019) 73–82, https://doi.org/ 
10.1016/j.triboint.2018.10.014. 

[31] J. Juoksukangas, J. Hintikka, A. Lehtovaara, A. Mäntylä, J. Vaara, T. Frondelius, 
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