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Summary. Fretting fatigue and wear may exist if two parts have small amplitude relative
rubbing between the contacting surfaces. A peak in the coefficient of friction typically occurs
during the first thousands of loading cycles in dry fretting contact with quenched and tempered
steel. This peak is related to adhesive friction and wear causing non-Coulomb friction and high
local contact stresses possibly leading to cracking. The focus of the study is the effect of
different experimental methods on the frictional behavior of the fretting contact between the
steel surfaces. The use of pre-corroded specimens and contact lubrication delayed and reduced
the initial peak. However, a pre-added third body layer removed the peak completely.
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Introduction
Small amplitude rubbing between surfaces in contact can lead to fretting fatigue and
wear, which can further cause catastrophic failure in machine components. The
amplitude of slip is typically from a few micrometers to some hundreds of micrometers,
leading to surface degradation and wear. The coefficient of friction (COF) in fretting
contacts is typically high, even close to unity [11], basically regardless of the material
pair in contact. In quenched and tempered steel, measured long-term value for COF is
about 0.8 [8]. However, COF can peak at the beginning of tests having values of about
1.4 [8]. Due to high COF, tangential tractions and stresses can be high promoting
fatigue crack nucleation. Fretting fatigue may occur at nominal stress levels below plain
fatigue limit [4]. Both experimental and numerical research are utilized to study fretting.
Nowadays, already component level simulations [12] are carried out using
comprehensive and detailed models [13].
The initial peak in COF is related to adhesive friction and wear causing nonCoulomb friction [6]. This behavior is shown in Figure 1. The tangential force-relative
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Figure 1. Schematic view of a fretting loop over one loading cycle (A), typical measured
coefficient of friction (COFmax) over one fretting test using dry quenched and tempered steel
specimens (B) and the used test contact configuration (C).

slip graph presents a so-called ‘fretting loop’ during one loading cycle in gross sliding
conditions, i.e., where the whole nominal contact area is experiencing slip. The
tangential force clearly increases as the reversal points are approached (Figure 1A). This
is labelled as non-Coulomb friction [9; 15], as in ideal Coulomb friction conditions
tangential force would stay constant during the sliding part. The area inside the loop is
the energy dissipated by friction. The coefficient of friction can be calculated from this
energy (average COF) or from the tangential force amplitude (COFmax, maximum COF)
[8]. A typical COF behavior of a dry fretting contact using the quenched and tempered
steel in gross sliding conditions is shown in Figure 1B. The COF peaks at the beginning
(COFmax ~ 1.4) and then levels off (COFmax ~ 0.8) during some ten thousands of loading
cycles. Figure 1C shows the used test configuration, having two annular specimens
pressed together. In the course of loading, fretting debris is created and a part of it is
entrapped in the contact, which changes wear behavior towards abrasive wear and
decreases COF due to the velocity accommodation mechanism. A part of the debris is
ejected from the contact, which is seen in the case of steels as red-brown oxidized
powder.
Material degradation [16] and nucleation of cracks [10] have already been observed
at loading cycles within the initial friction peak. Those cracks can further propagate
causing complete fracture. Thus, studying factors affecting COF has a deep interest. In
general, dozens of factors affecting fretting can be listed [2] and the frictional behavior
of fretting contacts may be affected in several ways. Already, by running fretting tests
below the fully developed friction load, the friction peak can be avoided [7]. Friction
may be affected tribologically by applying a lubricant, for example. The use of a grease
in fretting contact may notably decrease COF [3] and greases have also the ability to
prevent the oxidation process [14]. The generation of fretting debris (third body layer)
in the contact may affect COF and wear behavior [1]. Previous experiments using the
same quenched and tempered steel in dry contact conditions have revealed that the third
body layer can notably decrease wear rate, but COF behavior was unaffected [5]. COF
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has been measured to decrease [17] and the wear mechanisms have been affected in
corrosive conditions [18].
This study experimentally investigated the effect of different experimental methods
on the frictional behavior of quenched and tempered steel fretting contact. Both
contacting parts were made of 34CrNiMo6+QT. Quenched and tempered steels are
commonly used in heavy loaded machine elements. The fretting contact was lubricated
with grease, pre-corroded specimens were used and a third body layer was applied to
the contact before testing. These were compared to previous results using the same
materials in dry contact conditions [8]. A large nominal contact area (314 mm2) with
relatively low nominal normal pressure was used that may appropriately emulate
contacts in practice.
Experiments
A fretting test device with a large annular flat-on-flat contact was used in the
experiments. The test device is described comprehensively in [8]. Two identical
specimens are pressed together (Figure 1C) and rotating movement in a back and forth
manner is applied to one of the specimens around its central axis with rotation
amplitude θ. The second specimen is fixed. Thus, slip and fretting is created between
the specimens. Due to the specimen geometry, the normal and tangential traction
distributions are quite even. The normal load P applied is kept constant during tests and
the sliding amplitude at the contact interface is determined accurately from the
measurements. Assuming Coulomb friction conditions, COFmax can be calculated from
the measured frictional torque and normal pressure distribution [8].
Three separate experimental methods were applied to study the frictional behavior of
the quenched and tempered steel contact in gross sliding fretting conditions: (i) the
contact was lubricated with grease, (ii) pre-corroded specimens were used and (iii) third
body layer was added before testing. In the series with grease (i), a NLGI class 2
graphite grease with EP additives was applied once before the contact was closed and
normal load applied. An excessive amount of grease was used so that the whole contact
interface was surrounded by it. In the pre-corroded tests (ii), specimens were corroded
for several hours using sodium hypochlorite (NaClO) before testing. Only one of the
specimens in the contact pair was pre-corroded and the second specimen had the pure
ground steel surface. In the third body tests (iii), fretting debris (hematite) from previous
fretting tests with the same material pair in dry contact conditions was added to the
contact using debris-ethanol mix. The tests were started after ethanol was evaporated.
Also in this case, debris was only added once (before testing). Otherwise, the basic test
procedure [8] was followed in all series. The tests were carried out in typical laboratory
environment conditions. The nominal normal pressure and sliding amplitude were
30 MPa and 35 µm, respectively. The test duration was 3×106 loading cycles. The
loading frequency was 40 Hz and the rotation amplitude was ramped up during the first
400 loading cycles. The average of the surface roughness (Sa) values of the plain
ground specimens was 0.24 µm. The normal pressure distribution in each test was
adjusted at the beginning of testing using a pressure film. Two tests in each three series
were carried out.
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Results and discussion
The COF curves of the three test series are shown in Figure 2. In addition, the results of
previously made gross sliding tests [8] with the same material in dry contact conditions
are shown as a reference. Compared to the dry contact conditions, the use of grease
clearly decreases the friction peak to somewhat below 1.2. In addition, the peak is
‘delayed’, meaning that it occurs some hundreds of loading cycles later than in dry
contact conditions. The delay may be related to strong initial presence of grease and its
lubricating effect, while the disappearance (at least partly) of it leads to an increase in
friction. It can be speculated whether regularly added grease would keep COF at low
levels continuously. The use of pre-corroded specimens decreased the initial friction
peak even more, close to unity. In addition, the delay was even longer. However, the
initial friction peak was absent when the third body layer was added. This indicates that
adhesive wear is diminished as direct metal-to-metal contact is at least partly prevented.
In the grease series, the COF is very low during the very first loading cycles compared
to other series, which may indicate good initial lubrication. What is common to all
series, the stabilized, i.e. long-term COF value remains practically the same, slightly
below the values in dry (reference) contact.

Figure 2. Coefficient of friction (COFmax) during testing of all series.
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The fretting scars of contact surfaces are shown in Figure 3. Fretting damage is
observed in every test. The greased specimen shows limited oxidation, which may be
caused by the grease’s ‘sealing’ effect. Areas of severe fretting damage, ‘spots’, can be
observed in all series. However, smoother areas can be seen in all three series compared
to the reference series. The change in color from reddish brown to metallic gray
indicates changes in the composition of oxides. Similar characteristics in fretting scars
between series support the similar steady-state COF behaviors observed between

Figure 3. Fretting scars on contact surfaces. The arrows indicate the sliding direction.

16

the tests (Figure 2). However, the scars convey the result of the whole evolution of
fretting damage. Therefore, the effect of different phases, such as friction peak, on the
fretting scar remains unknown. Table 1 lists the mass losses of the specimens in
different series. The mass losses of the un-corroded countersurface specimens are listed
in the Pre-corroded series.
The use of lubricant somewhat increased wear as the mass loss was increased 66 %
in comparison to the reference series value (Table 1). This is somewhat unexpected
behavior, as COF decreased when using the grease. However, the difference in mass
unit is rather low and more tests would be needed to validate this. Highest wear was
measured with pre-corroded specimens. Predictably, the addition of the third body layer
led to reduction in wear. However, even though wear was decreased and the initial
friction peak avoided, severe fretting damage including adhesion spots were observed.
Further studies, with repeat tests to gain statistically more reliable results, are needed to
investigate this behavior.
Table 1. Mass losses of the specimens in each test.
Series

Mass loss [mg]

Avg mass loss [mg]

Reference (dry surfaces)

7.47, 4.12

5.80

Grease lubrication

10.15, 9.05

9.60

+66 %

Pre-corroded

11.77, 26.33

19.05

+229 %

2.14, 4.56

3.35

-42 %

Pre-added third body layer

Difference to reference

Conclusions
The effect of grease lubrication, pre-corrosion and the pre-added third body layer on the
frictional behavior of a large fretting contact were studied using quenched and tempered
steel.
− By using grease or pre-corroded specimens, it was possible to reduce and
’delay’ the initial friction peak typically observed in dry quenched and
tempered steel contact.
− By using the pre-added third body layer, it was possible to diminish the
friction peak. Minimum wear was measured in this series.
− Long-term, stabilized, COF was practically unaffected in all series.
− However, severe fretting damage in terms of fretting scars including
adhesion spots were observed in all series.
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