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This study investigates the influence of temperatures, normal force, displacement, frequency and sliding
distance on the tribological material behaviour of an unlubricated cobalt-based material pairing, as well as the
effects resulting from a change of atmosphere from ambient air to a low-oxygen CO,/N,/O,-atmosphere. The
subsequent identification of empirical wear correlations should enable a transfer to other material systems.
Reciprocating wear tests were carried out at up to 800 °C with a cylinder-on-plate contact geometry. The test
conditions and the material are based on the application as exhaust gas flap plain bearings for combustion
engines.

The temperature has a major influence on the wear behaviour, as it induces the change of tribological
mechanisms from abrasion to oxidation and adhesion of wear particles to the formation of a glaze layer in
the HT range. The wear particles, required for the tribologically induced sintering process of the glaze layer,
are already present in fully oxidised form at low temperatures of 200 °C. The formation of a wear-reducing
glaze layer is therefore mainly dependent on the temperature, as this directly influences the sintering process,
according to a key finding of this work. The atmospheric influence on the tribological material behaviour
is dependent on the temperature related wear regime. For lower temperatures, a mechanism change from
abrasion to adhesion takes place in the oxygen-reduced CO,/N,/O,-atmosphere. In contrast, the formation
of the glaze layer is not influenced by the change in atmosphere. Moreover, the influence of normal force,
displacement and sliding distance differs between the various temperature sections and the related tribological
mechanisms.

1. Introduction for these components. Regarding the changed requirements for both,
materials and combustion systems, exact knowledge and predictability
of the wear behaviour and its influencing factors are necessary for the

reliable calculation of maintenance intervals.

Nowadays, both the reliability and the maintenance requirements
of combustion engines are no longer determined by their mechanical

design but rather by the material selection and service life estimation
of the parts that undergo wear, corrosion and fatigue. In particular
for larger engines used for marine, train or off-highway applications,
where unplanned downtimes lead to very high costs, degradation of the
mechanical function is under particular attention. Critical tribological
systems are mainly found in the exhaust gas systems of these engines,
since liquid lubricants cannot be used at temperatures above 400—
500 °C and unlubricated friction leads to high wear rates [1]. The latest,
very restrictive emission specifications have led to a significant increase
in the control and regulation effort in the exhaust gas systems, resulting
in a high number of tribological contacts in the exhaust line, e.g. in flap
or control systems.

In order to achieve sufficiently long lifetimes and long maintenance
intervals, high alloyed and wear-resistant cobalt base materials are used

* Corresponding author.

According to Blau [2], research on the wear of metals has improved
dramatically over the last 50 years thanks to the use of high-precision
testing equipment and, above all, the development of advanced ana-
lytical methods, enabling a detailed understanding of occurring wear
processes. Several publications have already investigated the wear
behaviour of cobalt alloys [3-9]. Renz et al. focused on the application
in valves, Dreano et al. investigated fretting between the guide vanes
and the turbine shaft, do Nascimento et al. analysed the abrasive wear
properties of Co oxides, McCarron et al. dealt with the application in
nuclear power plants and Cross et al. conducted model tests at room
temperature with a reciprocating mode of motion. It is questionable
how far these results can be transferred to the application in plain
bearings, which are exposed to high thermal loads but also chang-
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ing atmospheres in the exhaust gas system and experience oscillating
motion.

In addition to an experimental verification of the material and load-
dependent wear behaviour, it can also be estimated using a generally
valid wear model. The widely used and simple wear equation by Ar-
chard [10] shows a linear correlation between the wear volume and the
normal force as well as the sliding distance, but the important influence
of temperature is not taken into account. For high-temperature appli-
cations, Quinn [11] extended this equation and correlated the wear
behaviour with the oxidation properties of the materials. By taking
into account an Arrhenius equation for the temperature dependence
of wear, the wear increases exponentially with higher temperatures. A
major disadvantage of this model description by Quinn is the precise
determination of the required coefficients. Jiang/Stott et al. [12,13]
took a different approach, developing a particle-based, temperature-
dependent model based on the significant influence of particles on wear
behaviour. This model is able to calculate the formation of a thick,
wear-reducing particle layer and that of a glaze layer. A glaze layer
is a friction- and wear-reducing, tribologically induced third body that
is created by compacting and sintering of oxidised wear particles and
is named in this way because of its shiny surface. The Jiang/Stott wear
model is very complex, as the load- and atmosphere-dependent particle
generation (number, size), their transport, ejection, agglomeration and
sintering, as well as their effects on wear, must be taken into account.
Consequently, it is not suitable for simply estimating the effects of
different load conditions on the wear behaviour and a high level of
experimental effort is required to adapt it to a particular material
pairing. Furthermore, as soon as the glaze layer is formed, this model
assumes that no additional wear will occur, which is not very realistic.
A new wear model for a co-alloy from Dreano [4,6], which is based
on the model from Quinn, was adapted to the operating conditions and
influencing factors at fretting. Again, no additional wear is assumed as
soon as the glaze layer is formed. However, it is questionable whether
and to what extent this model can also be applied to plain bearings and
their influences. To summarise, there are no experimental wear results
for a Co alloy as an unlubricated high-temperature plain bearing, nor
can an existing wear model be simply and reliably transferred to this
application with the particular material system.

The aim of this publication is to identify the influences of important
operating parameter on the wear behaviour and to determine the effects
on the dominant tribological mechanisms. Finally, the understanding
of the interactions between the mechanisms and the wear-determining
influencing factors should be extended. In order to enable the transfer-
ability of these results to other material systems, mathematical correla-
tions between the influencing factors and the wear values should also
be determined instead of developing a complex wear model that only
describes the wear behaviour of the investigated material pairing.

Consequently, the influences of temperature, normal force, displace-
ment, sliding distance or time as well as atmosphere on the tribological
material behaviour were investigated. The influence of higher speeds
has already been investigated many times and can mainly be reduced
to a local friction-induced temperature increase [14-16]. The influence
of the atmosphere has also been investigated many times, but either
for other gas compositions [17-19] or other material systems [13].
In contrast, this publication focuses explicitly on the plain bearing
application in exhaust gas systems of internal combustion engines,
therefore, as in [20], a reversing model test with line contact geometry
and atmospheres that are intended to simulate the diesel exhaust gas
were used.

2. Materials and methods
2.1. Materials

For this study, a cobalt-based material pairing was investigated, con-
sisting of a cast cylinder out of CoM028Cr8Si2 (Tribaloy® T400) and a
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Table 1
Composition of the studied materials in w.% [22,23].
Material Co Cr Mo C Si Others
CoMo028Cr8Si2 base 8.5 28.5 <0.1 2.6 Ni, Fe
cast cylinder
CoMo028Cr178i3 base 17.5 28.5 <0.1 3.5 Ni, Fe

HVOF on plate

20 pm
I

cylinder: CoMo028Cr8Si2 cast

Fig. 1. Metallographic micro-sections of the studied materials: (a) Plate: around 200 pm
thick HVOF-plating CoMo28Cr17Si3 on 1.4713; (b) Cylinder: cast CoMo28Cr8Si2
with (1) primary Laves phase with low Cr and (2) Co solid solution with eutectic
structure [21].

high velocity oxygen fuel (HVOF) sprayed CoM028Cr17Si3 (Tribaloy®
T800) plating of a ferritic heat resistant steel plate (1.4713). The
composition of these materials is listed in Table 1. As the steel base
material of the plate does not influence the tribological behaviour, a
detailed description and analysis of this material is not included.

The microstructure of the cast cylinder consists of a primary Laves
phase with low Cr amount and a Co solid solution with a eutectic
structure (Fig. 1 b) [21]. The identification of the microstructure with
established analytical methods was not possible for the 200 pm thick
HVOF-sprayed CoM028Cr178Si3 plating, but the porous structure of the
plating with voids of 10 pm in diameter and the deformed particle
boundaries were observed (Fig. 1 a).

2.2. Tribological experiment

An oscillating sliding test rig (SRV IV®, Optimol Instruments, Ger-
many) featuring a recently developed cylinder-on-plate contact config-
uration (Fig. 2b), which is described elsewhere [20] in detail, was used
to conduct reciprocating wear tests. This configuration allowed a low
initial mean Hertzian pressure of 175 MPa at a normal load of 50 N.
The upper cylinder, shown in orange, is 15 mm long and has an 8 mm
diameter. It can be adjusted via rotation around an axis in the direction
of sliding (axis: green arrow in Fig. 2), to achieve a line contact with
the plate throughout its entire length. The plate is fixed directly into
a heated bracket and measures 24 mm in diameter and 7.9 mm in
height. A thermocouple was soldered to the surface of every plate and
utilised to regulate the heating in order to precisely determine the test
temperatures. Two additional radiation heaters were used for tests at
800 °C.
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cylinder:
CoMo28Cr8Si2

o

\plate: HVOF-
CoMo28Cr17Si3

Fig. 2. Contact geometry with normal force F, (blue) and displacement & (green):
Lying cylinder on plate.

To conduct tribological tests in a defined exhaust gas like atmo-
sphere, the same setting of [20] was utilised: A gas mixture of 20 vol.%
CO, and 80 vol.% N, (BIOGON® C20) was directly introduced into the
chamber of the test rig. The gas flow was controlled and regulated to
a predefined oxygen amount, which was measured by a heat resistant
oxygen sensor (Bosch LSU 4.9) positioned close to the contact bodies.
In the case of 5 vol.% O, and a mix of ideal gases, the amount of CO,
that results in the test chamber is 15.2 vol.%, assuming that the inflow
gas mixes with air as leakage. To create a uniform gas mixture, an
additional fan was put into the test chamber.

Two shear sensors (Kistler Z21654A2) and a dedicated charge am-
plifier (Kistler 5018) were used to measure the friction force. This force
measurement system was verified using calibration weights, pulleys,
and a cable pull. Three alternating force tests up to +100 N were con-
ducted, and a maximum deviation of 1.02 N was attained. A recording
rate of 5 kHz was used to constantly capture the force and position
signal from the test rig. The dissipated energy of one friction cycle (E,)
was then divided by four times the normal force (P) multiplied by the
sliding amplitude () to determine the energetic coefficient of friction
(ECoF) [24]:

L )

ECoF =
T 4ps,

This calculation technique is used to effectively limit the impact of
wear-scar interaction on the coefficient of friction and to enable com-
parison of the results with those of other tribological tests, as demon-
strated elsewhere [25-27]. Furthermore, the American Society for Test-
ing and Materials approved the calculation as a standard [28].

Also the test preparation and execution of [20] was applied: The
samples were thoroughly cleaned with isopropanol to eliminate any
finishing process residue before the tribological tests. After mounting
and adjusting the samples in the test rig, they were heated to the
appropriate temperature and left there for at least twenty minutes in
order to create a uniform distribution of heat. Gas intake and regulation
for the CO, atmosphere tests were initiated prior to sample heating and
terminated when the temperature dropped below 100 °C.

Table 2 lists the standard test parameters of this research, which
are identical to prior studies of [20]. Modified parameters were used
to analyse the influence of the normal force and the displacement; these
are mentioned in the corresponding subsections. Typically, a test was
repeated three times, which is indicated by a scatter bar in the resulting
diagrams. If no scatter bar is presented, the test was only performed
once.

2.3. Characterisation methods
For the microstructural analyses, the microsections were etched

with Beraha I for 1.5 minutes and investigated and imaged using an
optical microscope.
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Table 2

Standard test parameters of the tribological experiments.
Parameter Value Unit
Load 50 N
Displacement 1.6 mm
Frequency 15 Hz
Duration 120 min
Temperature RT - 800 °C
Atmosphere Ambient air, CO,-N,-mixture -

with ambient air and
resulting 5 vol.% O,

The same wear measuring procedure of [20] was conducted to
achieve a comparability of the tribological results: For both contacting
bodies, the wear volume was measured using a confocal microscope
with an integrated structured illumination technique. Only the centre
of the contact region was captured with a width of 633 pm to measure
the sample height at a resolution of 0.2 pm. A reference height was
identified at the tribologically untreated area in the following evalu-
ation process, and the wear volume and transfer were calculated and
extrapolated for the entire contact body.

A scanning electron microscope (SEM) with a secondary electron
detector was used to further analyse the tribological test specimen with
the objective to identify the main wear mechanisms. An acceleration
voltage of 8 kV and a working distance of about 8 mm was used
for recording surface images. Focused ion beam (FIB) in combination
with the SEM was utilised to analyse adhering particles and material
transfer in detail with a Helios 650 Dual Beam instrument (Thermo
Fisher Scientific, Waltham, MA, USA). The surface was protected from
ion beam damage at high currents during the cross-sectioning process
by the use of ion beam aided deposition of a platinum-containing
layer.

To study the tribochemical changes that are related to thermal
and atmospheric effects, X-ray photoelectron spectroscopy (XPS) was
applied for selected samples after the tribological tests and cleaning
with cyclohexane and isopropanol. XP spectra were obtained with
monochromatic Al Ko (1486.7 eV) X-rays using a PHI 5000 Ver-
saProbe™ II (Physical Electronics Inc). Applying a 200 pm spot size,
element spectra of the surface were measured with an energy precision
of 0.1 eV and a pass energy of 23 eV. Depth profiles of the constituent
elements were measured with the same spot size, utilising argon ion
sputtering, an energy resolution of 0.2 eV, and a pass energy of 47 eV.
Using a SiO, wafer with a predetermined surface thickness, the depth
scale was calibrated. Selected samples were typically sputtered for
25 minutes at a rate of 2 nm/min (500 nA, 1 kV) to acquire a detailed
view of the chemical composition at the surface. Subsequently, the
sputter rate was increased to 10 nm/min (2000 nA, 2 kV) for the next
45 minutes, resulting in an overall profile depth of 500 nm. Analysing
XP spectra and depth profiles with LLS fitting was done using the
PHI-Multipak software.

Furthermore, individual wear particles were examined after the
tribological test using transmission electron microscopy (TEM) in order
to determine their shape, size, structure and chemical composition.
Therefore, the wear particles after the test were flushed down from
mainly the plates with ethanol and were stored and transported in
this liquid. Afterwards, the dispersion of powder was brought onto a
holey-carbon film on a Cu-grid as a sample carrier. HAADF-STEM and
EDS/EELS was used to investigate the chemistry and morphology of
the sample states. The experiments were performed on an FEI Titan
microscope using an CS-corrector at 300 keV electron energy, including
EELS spectrometer. The data were converted and analysed with the FEI
software package “TEM imaging and analysis” (TIA) version 4.7 SP3
and with “Gatan Digital Micrograph 3.53”.
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3. Results and discussion

In this study, several factors influencing the high temperature wear
behaviour of unlubricated metal contacts were investigated. These
results and the corresponding discussion are divided into five sections
in order to clearly distinguish the individual effects.

3.1. Influence of temperature

The mean energetic coefficient of friction (ECoF) of individual tests
at different temperatures, as well as the mean wear volume of plate and
cylinder are shown in Fig. 3. If scatter bars representing the standard
deviation are shown, three independent tests were performed. If not,
the test was not repeated. For low temperatures of room temperature
(RT) and 100 °C minimal wear took place, and intermediate friction
between 0.6 and 0.7 was measured. In this temperature regime, mainly
the cylinder was worn, the wear of the plate stayed at a low level and
the intermediate friction behaviour was constant over the test duration.
With intermediate temperatures of 400-500 °C the wear behaviour
drastically changed, the wear of the cylinder decreased, and the wear of
the plate reached the highest values of this material pairing. Moreover,
at 500 °C the friction started to increase to 0.7. The second dominant
change of the wear behaviour was measured at the high temperature
section between 600-800 °C, where wear of cylinder and plate drop
to minimal values. The friction behaviour showed this transition with
slightly shifted temperatures. At 600 °C the increasing trend of 500 °C
was followed, resulting at the highest friction of 0.86, whereas at 700-
800 °C the lowest friction values of 0.34 were recorded. Particularly
at these two highest temperatures, a running-in behaviour in the first
15-20 minutes was measured, for lower temperatures a mainly constant
friction over time was observed.

To clarify the main dominating wear mechanisms of these temper-
ature sections, the worn surfaces of the cylinders and plates, tested
at 200, 400, 600 and 800 °C were displayed in Figs. 4 and 6, re-
spectively. For 200 °C, a flattened, abrasively worn contact region on
the cylinder was visible, the corresponding plate surface showed just
slight abrasive marks. These characteristics are specific for the contact
bodies tested up to 300 °C and correlate the higher wear of the cylinder
and intermediate friction. For the temperature section of 400-500 °C
aside from light abrasive grooves, a lot of wear particles adhered on
the cylinder, forming flakes. The plate shows corresponding grooves
and a high amount of debris was found beside the contact area on the
samples. Whereas the specimen tested at 600-800 °C show completely
different wear characteristics for both contact bodies. A smooth and
shiny surface, almost polished was found on the cylinders, only the
plate tested at 800 °C differs, showing a partly formed, lighter surface
layer. On the cylinder tested at 600 °C just a few abrasive grooves
can be recognised, but with increasing temperature their amount in-
creases clearly. This difference in the grooving is even more evident
in Fig. 5, which contrasts two height sections of the cylinder wear
surfaces. The mentioned wear surface characteristics together with the
low wear and friction amount indicate that a shear-induced glaze layer
has developed. This favourable high temperature wear behaviour was
already reported by [6] for fretting with other cobalt-based material
pairings. For the lowest temperature range (RT-300 °C) a dominant
abrasion of the cylinder with intermediate friction is observed and
for the intermediate temperature range (400-500 °C), a wear-reducing
third body forms due to the adhesion of wear particles on the cylinder
and results in high wear of the plate and rising friction.

The element concentration of XPS analysis in a depth of 500 nm for
different test temperatures is displayed in Fig. 7 to clarify the thermal
effect on the material composition. The underlying depth profiles are
included in the supplementary data for more detailed studies. At room
temperature, the measured compositions of plate and cylinder are
comparable to the ground material composition listed in Table 1, that
reveal a low tribochemical influence. The minimal amount of oxygen
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Fig. 3. Tribological results of isothermal tests in air (50 N, 15 Hz, 1.6 mm & 120 min).
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Fig. 4. Worn surface details of cylinders (CoM028Cr8Si2 cast) after isothermal tests in
air (50 N, 15 Hz, 1.6 mm & 120 min); all images have the same scale, showing the
worn area in the lower section.

at the plate, slightly decreasing over the measurement depth of 1 pm is
correlated to the HVOF process during manufacturing. But already at
200 °C a slight amount of oxygen in a depth of 500 nm was determined
and the other elements start to decrease. This is accompanied by a 100
- 200 pm thick oxygen rich surface layer, which can be seen in the
depth profiles. The results of 400 °C do not quite match the almost
linear trends of the elements, but mark switching points for mainly the
cylinder. The oxygen amount of the cylinder is significantly higher and
deeper than at 200 °C and also the cobalt content dropped. This feature
can be correlated with the distinct change in wear behaviour and the
high amount of adhering wear particles on the cylinder, forming a
third body and wear the plate. For the higher temperatures of 600 and
800 °C a high amount of oxygen was observed accompanied by a nearly
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Z-Axis [pm]

0 100 200 300 400 500 600
X-Axis [um]
Fig. 5. Representative height section of cylinders’ wear scar (CoM028Cr8Si2 cast) after

isothermal tests at 600 & 800 °C in air (50 N, 15 Hz, 1.6 mm, 120 min); X-Axis
perpendicular to the direction of movement.

Fig. 6. Worn surface details of plates (CoM028Cr17Si3 HVOF-plating) after isothermal
tests in air (50 N, 15 Hz, 1.6 mm & 120 min); all images have the same scale and
show the worn area in the lower section.
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Fig. 7. Element concentration of XPS depth profiles at 500 nm over temperature for
plates and cylinder tested in air (50 N, 15 Hz, 1.6 mm & 120 min).

homogeneous trend of the deep profiles, which indicates a thick oxidic
surface structure, that was formed within the tribological contact.

The specific chemical composition and especially the oxidation state
of cobalt could neither be identified by Raman spectroscopy due to a
laser-induced transition of the oxide states [29], nor by the XPS results
due to comparable binding energies of the Co2p peak for different
oxides. However, it is assumed that at temperatures above 600 °C a
glaze layer structure similar to that described by [5] is formed, which
has a strong effect on the friction and wear behaviour. It must be
emphasised that at 600 °C a significantly higher friction was measured,
compared to the higher temperatures, but the wear reducing properties
of the glaze layer were already observed. This phenomenon of high
friction and low wear in the lower temperature range of a Co-based
glaze layer was also demonstrated by Dreano et al. [30]. There, the high
coefficient of friction was attributed to an increased amount of Cr,05 in
the glaze layer composition. This correlation cannot be confirmed with
the determined XPS results (Fig. 7). Instead, a difference was deter-
mined between the oxygen contents at 600 and 800 °C, which indicates
a change of the oxidation state. The strong influence of different oxides
on dry friction was also demonstrated by [31,32], suggesting this to
be the cause of the different friction levels. As previously discussed,
it was not possible to determine the specific chemical compositions
and oxidation states with certainty using the measured XPS results and
Raman spectroscopy.

To investigate the formation process of the glaze layer, which is
widely postulated as a tribologically aided sinter process of oxidised,
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Fig. 8. High-angle annular dark field (HAADF) TEM image and selected area diffraction
of a wear particle generated in a tribological test at 200 °C in air.

Table 3
Elemental quantification (EELS) of a wear particle generated at
a tribological test at 200 °C in air.

Element Shell Composition (at.%)
C K 16.2
o K 44.6
Cr L 11.4
Mn L 0.12
Co L 27.6

agglomerated and compacted wear particles, debris of different test
temperatures were analysed by TEM.

In Fig. 8 a high-angle annular dark field (HAADF) TEM-analysis
of wear particles generated at 200 °C is shown. At first the high
contrast between the particles and the sample carrier has to be men-
tioned, which results by a high atomic number difference or a high
thickness and density of the particles. Secondly the different par-
ticle sizes, between several pm and some 100 nm were observed.
Thirdly, by the investigation of the selected area diffraction (SADP),
a poly/nanocrystalline structure was concluded due to the sharp re-
flections. As a next step, the chemical composition was investigated
with electron energy loss spectroscopy (EELS). The identified elemental
quantities are summarised and listed in Table 3. The wear particles
mainly consist of cobalt, chromium and oxygen, the amount of carbon
is attributed to the sample carrier and the solution in ethanol for
transportation and storing. Assuming that the amount of cobalt is
present as fully oxidised CoO and the amount of chromium is present
as Cr,05 the corresponding oxygen fraction would be 44.7 at.%. This
fraction agrees with the measured oxygen fraction of 44,6 at.%, which
of course underlies some uncertainty. It can be deduced, that the
analysed wear particles have a chemical composition that matches
mainly CoO, Cr,03 and a small amount of manganese. In a subsequent
energy dispersive X-ray (EDX) analysis, the mapping of the elements
within the wear particles was investigated. The results, which can be
found in the supplementary data, reveal a good co-location of the
oxygen with the metals and thus a homogeneous element distribution
and no concentration gradient is concluded.

The same analytical methods were used to investigate the properties
of wear particles, that were generated in a tribological test at 600 °C,
where a wear reducing glaze layer was formed. The HAADF analysis in
Fig. 9 indicates a comparable particle size and contrast to the results
of 200 °C. Also, a poly/nanocrystalline structure can be deduced by
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N 500 nm

Fig. 9. High-angle annular dark-field (HAADF) image (upper), high resolution TEM
and selected area diffraction (lower) of a wear particle generated in a tribological test
at 600 °C in air.

sharp reflections in the SADP. Moreover the nanocrystalline structure
with grain sizes smaller than 10 nm was proven by a high resolution
TEM-picture, displayed in Fig. 9. In Table 4 the chemical composition
measured by EELS is listed. The measured particles mainly consist of
cobalt, chromium and molybdenum. With the same assumption like
before, that the metal oxides CoO, Cr,05 and MoO; are formed, a corre-
sponding oxygen fraction of 31.9 at.% is needed. This calculated oxygen
fraction agrees with the measured one of 33.9 at.%. Furthermore, the
EDX maps confirm a homogeneous element distribution within the
particles (see supplementary data). It therefore can be concluded that
the investigated particles of tribological tests at 200 and 600 °C neither
differ in the chemical composition, nor in the structure or element
distribution.

These results of the wear particle analysis are important to un-
derstand the formation process of the glaze layer. The tribologically
enhanced sintering of oxidised wear particles in the contact zone is
the dominant process for the formation, as many recent publications
agree [5,6,33-36]. Sinter processes are generally based on grain bound-
ary and lattice diffusion, as they are the dominant mechanisms for
densification [37]. The diffusion itself is dependent on the material,
temperature and the time. However, the particle size also determines
the sintering speed, as the reduction of the free surface and thus the
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Table 4
Elemental quantification (EELS) of a wear particle generated at
a tribological test at 600 °C in air.

Element Shell Composition (at.%)
Mo M 0.75

C K 39.1

o K 33.9

Cr L 6.8

Co L 19.4

free energy of the system is the driving force for sintering [37]. This
generally accepted relationship has also been specifically investigated
for tribologically induced sintering processes by [38], and a faster
formation of the glaze layer when smaller oxide particles are added
has been demonstrated. The last factor influencing the sintering speed
is the compressive stress, which also contributes to the reduction of
the system’s free energy and acts as a driving force for the sintering
process [37]. Since both the compressive stress and the particle size
determine the reduction of the free surface or free energy, the com-
pressive stress is less effective in promoting the densification of finer
particles [39]. To summarise, the material, temperature, time, particle
size and the compressive stress are the factors influencing the sintering
speed.

Based on the previous analyses, it was demonstrated clearly that
both the oxide state and the nanocrystalline structure of the wear parti-
cles do not differ between experiments at 200 and 600 °C. Nevertheless,
a wear reducing glaze layer formation was observed only at 600 °C.
Since the same test durations and normal forces were used for the tests,
these parameters can be excluded as dominant factors of the sintering
process. This means that only the temperature and particle size possibly
differ between the tests and are responsible for the formation of the
glaze layer. Since the distribution of particle sizes ranges from a few
pm to 100 nm and thus covers the entire size range tested by [38], it is
assumed that the particle size is not the dominant factor influencing the
sintering process of a glaze layer. Nevertheless, further particle analyses
should be carried out in the future in order to clarify the temperature-
dependent particle size distributions and to support this hypothesis.
However, it should be highlighted that the temperature is considered
to be a decisive influencing factor in the sintering process, which is
responsible for the formation and continuous regeneration of a glaze
layer.

To mathematically define the temperature influence on the wear
behaviour of the tested material combination, the following abrasive-
oxidative description based on [4] and [11] can be used for the lower
temperature range including 500 °C, which is characterised by abrasion
and the adhesion of oxidised wear particles:

Ell
Vi ~e RT

with E,; for T <Tgp @
and E,;; for T >Tgp

Here E, stands for the activation energy of the tribologically enhanced
oxidation, R is the universal gas constant, T is the mean temperature of
the specimen and Tj;; is the temperature threshold for the glaze layer
formation, representing an Arrhenius equation.

Above a certain temperature threshold T, which is between 500
and 600 °C for this material system in this test arrangement, the
thermally activated sintering process of the oxidised wear particles sets
in. This results in the formation of a glaze layer. Due to the retention
of the debris in the contact zone, formation of a load bearing surface
layer and the continuous regeneration of this layer after disruptions,
the wear of the tribological system decreases significantly, comparable
to other studies [6,33,34,40]. The glaze layer formation is accompanied
by a significant friction drop. Having a closer look at the wear results
at 600 to 800 °C in Fig. 3, a slight increase of wear with temperature
can be observed. This correlates with a significant increase of abrasive
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Fig. 10. Tribological results of isothermal tests in air (50 N, 15 Hz, 1.6 mm & 120 min)
and with Eq. (2) calculated temperature dependent wear volume.

Table 5

Determined mathematical model parameter.
Parameter Value Unit
E,; 12.39 kJ/mol
kry 12.052 mm?
E, ;i 28.510 kJ/mol
kpg; 2.294 mm?

grooves in the glaze layer surface. Therefore, a thermal stability range
is proposed for the investigated glaze layer which allows the wear
behaviour in the high temperature range to also be described with an
Arrhenius relationship. Following this, the wear volume for the whole
temperature range can be described by Eq. (2) but different magnitudes
and activation energies below and above T;; have to be considered.

The pre-factors and activation energies listed in Table 5 are cal-
culated for the investigated material system. Fig. 10 compares the
measured wear values with the calculated ones. Of course, such a sim-
ple mathematical description does not reflect the complex interactions
in the tribological system, which lead to different wear values of the
contact bodies and the step-like increase in wear with temperature.
Nevertheless, this description can be used to roughly estimate the wear
to be expected in the case of a temperature change.

Furthermore, a thermally induced phase transition of the base ma-
terials as an influencing factor on the wear behaviour is excluded
based on the results of Xu et al. [41]. They demonstrated the first
thermally induced phase transition at a temperature of 1338.2 °C for
CoMo028Cr8Si2, at which both microstructural fractions, namely the
Laves phase and the co-solid solution, simultaneously transform into
melt. They also showed that the melting point increases with a higher
Laves phase content, which means a higher melting temperature can be
expected for the higher alloyed CoM028Cr17Si3 material. In addition,
Peng et al. [42] determined a preferential oxidation of the Laves phase
at 900 °C as part of their oxidation studies on both materials. This
preferential oxidation was proven with microsections of worn samples,
tested at 800 °C, which were shown in the supplementary data. How-
ever, if a thermally induced phase transition would already occur at
these temperatures, such a conclusion would no longer be possible due
to the mixing of the microstructural fractions. It is therefore sufficient
to focus on the processes near the surface during tribological loading,
such as oxidation, particle formation etc. up to the formation of a glaze
layer, as no phase transition of the base material takes place in the
temperature range investigated.
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Fig. 11. Wear results of isothermal tests in air at different normal forces (15 Hz,
1.6 mm & 120 min).

3.2. Influence of normal force

The normal force is the next important influencing factor, which
was investigated. To distinguish between the effects on the low temper-
ature behaviour, which is characterised by abrasion and oxidation, and
the high temperature behaviour with glaze layer formation, the normal
forces were varied at 200, 400 and 600 °C. The corresponding wear
volumes of both samples are summarised as system wear to highlight
the trends, which are shown in Fig. 11.

For the two lower temperatures, a nearly linear increase of the total
wear of both contact bodies with rising normal force was observed.
Consequently, the wear volume dependency on the normal force P
below T;; can be mathematically described as linear correlation:

Vp~P for T <Tgp 3)

This correlation for unlubricated material pairings was found by several
researchers [4,43], finds application in wear equations of Archard
and Quinn [10,11] and is correlated with adhesive and abrasive wear
regimes.

In the temperature range of the glaze layer formation, the wear
volumes do not differ between different normal forces. Consequently no
proportionality between the normal force and the wear volume above
T can be concluded:

Vp ~ P for T>Tg, (4)

This result is in contrast to Kato [44], who identified a strong correla-
tion between the applied normal force and the sliding distance, which
is needed to form a glaze layer out of the oxide particles previously
placed in the friction track. The main differences to the present results
is seen in the time and wear volume needed for the generation of these
particles and the lower particle ejection of a continuous running pin-
on-disc-test compared to the reciprocating model test, which was used
here. The tribological system investigated here initially has to generate
a sufficient number of oxidised wear particles to form a wear-reducing
glaze layer and to compensate the particles, which are ejected out of
the tribological contact by the movement of the specimen. This number
is comparable for the applied normal forces, so that no normal force
influence was identified.

3.3. Influence of displacement/frequency

The influence of higher frequencies and consequently higher sliding
velocities on the tribological behaviour of unlubricated contact pairings
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Table 6
Test parameter combinations to investigate the displacement and frequency influence.
Nr. Freq. Displ. Av. speed Duration Distance Cycles
- [Hz] [mm] [mm/s] [h] [m] [10%]
A 8 3.2 51.2 1.875 345.6 54
B 15 1.6 48 2 345.6 108
C 30 0.8 48 2 345.6 216
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Fig. 12. System wear in air for selected temperatures over frequency and displacement
(50 N, 8 Hz/3.2 mm, 15 Hz/1.6 mm, 30 Hz/0.8 mm, 345 m).

has already been investigated in many cases. For example, Stott distin-
guishes in [12] between high-speed sliding and medium sliding speeds
of approx. 100 mm/s and points out the different local friction-induced
temperature increase, which leads to strong oxidation at high speeds.
Jin et al. showed for fretting a strong correlation between the glaze
layer formation and the frequency [15] in addition to the temperature
dependence. This complex interaction was also demonstrated by Zhang
et al. and visualised in illustrative mechanism maps [16]. Consequently,
this interaction is considered as understood and was not investigated
further.

The aim of the following investigations was to determine the influ-
ence of different oxidation times as well as the underlying mechanism
on the wear behaviour resulting from frequency variations and the
recurring traversing of the contact bodies during reciprocating ex-
periments. For this purpose, three different frequency-displacement
combinations were selected, which have a comparable average speed
and consequently comparable friction-induced local temperature in-
creases. Furthermore, identical total sliding distances were selected
in order to introduce the same friction energies into the tribological
systems. These parameter combinations are summarised in Table 6.

The measured wear results are shown in Fig. 12 as a function of
the frequency and the displacement. Especially for the low temperature
range, which is dominated by abrasion and oxidation, a significant
decrease in the wear volume with increasing frequency can be ob-
served. However, for 600 °C, which corresponds to the glaze layer
regime, only a minimal decrease in wear with increasing frequency was
demonstrated.
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Fig. 13. Wear behaviour over time at 200 °C and 400 °C in air (50 N, 15 Hz, 1.6 mm
& 120 min).

If an oxidation-dominated wear mechanism is assumed, as for ex-
ample described by Quinn [11], then an existing oxide layer from both
contacting bodies is removed either by the increasing instability of the
layer or by the shearing of the second body, which leads to wear.
According to [42], a parabolic oxidation rate can be assumed for both
materials, which corresponds to the following relationship:

dx _ L ®)

dt x

where x is the oxide thickness, k, is the parabolic rate constant and
¢t is the time. Consequently, the oxidation rate of native surfaces is
the fastest initially and then decreases with increasing oxide thickness
as well as time [42]. The highest wear would therefore be expected
at a high frequency and short time intervals between traverses, as
the oxide layers forming are removed quickly at a high repetition
rate. At slower frequencies, the oxidation rate is reduced by the ox-
ide layer that has already formed, resulting in less oxide which is
worn off as wear. However, the findings show an opposite trend,
with lower wear at higher frequencies. For this reason, another dom-
inant interaction is assumed in this study, which determines the wear
behaviour.

As the displacement was also varied in addition to the frequency
for comparable sliding speeds, its influence is analysed in more detail
in the following. The displacement significantly influences the contact
surface, and this results in different friction energy densities. However,
a wear-reducing influence due to high friction energy densities is
questionable, especially in the area of abrasion and oxidation, which
is why this is excluded as a possible explanation.

Instead, it is assumed that the displacement has a significant effect
on the particle movements and, above all, their ejection rates. The
smaller the displacement, the closer one gets to the area of fretting or,
in extreme cases, the partial slip area, which is mainly influenced by the
supply of reactive gases [45,46]. With these small displacements, only
a few wear particles are transported out of the contact area. This has a
positive effect on the formation of the glaze layer in the high temper-
ature region, and at lower temperatures wear-reducing effects are also
known due to the formation of a particle bed as a third body [47-49].
The greater the displacement, the more particles are ejected from the
contact area, resulting in an increase of wear. This theory of particle
influence, which has also been postulated as a rate determining process
in some publications concerning fretting [46,50,51], can be used to
describe the measured wear behaviour.

Consequently, for the mathematical description of the dominant
influencing factors, the displacement &, with an approximately linear
correlation with the wear volume V5 is defined:

V/'/ & ~ % ©)
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Table 7

Determined model constants for time/sliding distance influence.
Constant Value Unit
a200¢ 0.121 pm §~0714
bi200c 0.714 -
41400 0.068 pm s~0773
b, a00c 0.773 -

3.4. Influence of sliding distance or test duration on the wear behaviour

Time and sliding distance were investigated as the next parame-
ter, which are influencing the wear behaviour. A distinction is made
between the wear regimes of abrasion and oxidation in the lower
temperature range and glaze layer formation in the upper temperature
range.

3.4.1. Abrasive & oxidative wear regime up to 500 °C

Comparatively high wear rates are observed in the lower temper-
ature range, which enable a reliable evaluation of the built-in wear
depth sensor of the test rig. This capacitive sensor measures the position
change of the cylinder caused by the wear of both contact bodies to
which the normal force is applied. The development of the system wear
depth at 200 °C and 400 °C are shown in Fig. 13. They display a similar
wear increase over time with a slightly falling rate after 45 - 60 min.

This time behaviour is best described by a power function with
the test duration ¢ or the sliding distance s and their corresponding
constants ag, b, or a,, b, in the following form:

VS/,~aSsbA‘, a, th for T <Tg, 7)

Many already established wear models, such as Archard’s wear equa-
tion [10], Quinn’s oxidation wear [11] or newer, application-specific
models [4,6,46] assume linear behaviour. However, the results pre-
sented show a deflection of the time behaviour, therefore a more
precise mathematical description was chosen. The model constants
were determined for both curves and listed in Table 7. A coefficient
of determination of 0.9974 was determined for 200 °C and 0.9952 for
400 °C, indicating a sufficiently accurate approximation.

3.4.2. Glaze layer wear regime above 600 °C

In the upper temperature range, which is characterised by low wear
due to the glaze layer formation, it is more difficult to record the
wear development. As the built-in wear depth measurement of the SRV
cannot be used reliably at these low wear values in combination with
the large thermal gradients, the established confocal microscope mea-
surement was used. To enable repeated, precisely positioned mounting
of the specimen between tests and analysis, the plates were equipped
with marks. To measure the cylinder, the entire holder was dismounted
instead of the specimen body, which also allows repeated precise
positioning. This procedure made it possible to determine the wear
evolution shown in Fig. 14.

The wear of the plate already shows high values in the first mea-
surement after two minutes and fluctuates significantly over the entire
duration of the test. This behaviour is attributed to the high porosity
of the plate, which on the one hand is misinterpreted as wear and on
the other hand can lead to high differences between repeated analysis
even with slightly different measurement positions. As a result, the
plate wear is not taken into account any further. The development
of wear on the cylinder is far more interesting. Here, after an initial
steep increase in wear, a linear behaviour sets in from approx. 15 min,
which also correlates with the running-in behaviour of the friction
coefficient. It is assumed that this initial phase is required to fully form
the glaze layer and, in particular, to allow the Co304-rich and wear-
reducing surface layer described by [5] to form on the mixed oxide
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Fig. 14. Wear behaviour over time at 800 °C in air (50 N, 8 Hz, 3.2 mm & 120 min).

layer. The reduction of contact stress by an increased contact width
after time is not seen as a dominant factor for the glaze layer formation,
as different normal forces result in comparable wear volumes (Fig. 11).
Accordingly, the relationship established in Eq. (8) can be extended to
the entire investigated temperature range:

(€))

These results stand in clear contrast to the results of Dreano et al. [4-
6,30], who investigated the formation of a glaze layer in a Co-based
alloy under fretting in detail. They found evidence of stagnating wear as
soon as the glaze layer has fully formed. This property was subsequently
used as the basis for the postulated wear model. However, the results
obtained here clearly show that a minimal wear rate must be expected
although the glaze layer is fully formed. Only the different contact
configurations could have led to these differences, as the proportion
of ejected wear particles is marginal in the case of fretting, with the
result that no change in wear could be detected. With the reversing
experiments investigated here using a stroke of 1.6 mm, a significantly
higher particle ejection must be expected, which leads to an increase
in wear that was detectable using established analysis methods.

Vije ~ sit for T >Tg,

3.5. Influence of atmosphere

In the following section, the influence of the atmosphere on the
wear and friction behaviour of the material pairing is presented and
discussed. The interaction between temperature and atmosphere is dis-
cussed first and then the influence of varying atmospheric compositions
is described.

3.5.1. Temperature dependent atmospheric effect

As the material pairing investigated is used in bearings of flaps or
valves which operate in exhaust gas systems of combustion engines, the
atmospheric effect of an idealised diesel exhaust gas was studied. The
oxygen content of the synthetically generated exhaust gas atmosphere
for these tests was 5 vol.% with approx. 15.2 vol.% CO,, and is therefore
comparable to the exhaust gas composition of a diesel engine in partial
load conditions [52]. Fig. 15 compares the tribological test results in
this atmosphere with the previously discussed results in ambient air.
The wear of both contact bodies was summarised and plotted on a
logarithmic scale for an easier identification of the differences.

In the lowest temperature range up to 300 °C, significantly higher
wear values were detected in the CO,/N,/O,-atmosphere than in air.
The maximum difference occurs at room temperature and decreases
with increasing temperature until comparable wear values were mea-
sured at 400 °C for both atmospheres. For this lowest temperature
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Fig. 15. Wear and friction results of isothermal tests in air and CO,/N,/O,-atmosphere
(50 N, 15 Hz, 1.6 mm, 120 min, 5 vol.% O,).

range, differing levels of the energetic coefficient of friction were
determined, with a higher friction by 0.1-0.25 in the CO,/N,/O,-
atmosphere (at 100 °C in air an outlier can be assumed, as already
discussed). At 400 °C and higher no significant differences in wear were
observed between the atmospheres.

To illustrate the difference in friction behaviour for the lowest
temperature range, friction curve examples of the corresponding at-
mospheres at 200 °C are shown in Fig. 16. The test in air displays a
slight but constant decrease of the friction coefficient between 0.65
and 0.55 over time. This continuous friction behaviour can be at-
tributed to the occurring abrasive wear mechanism. In contrast, in
the CO,/N,/0,-atmosphere, a significantly more fluctuating behaviour
with many friction peaks was recorded, which reached high values
between 0.65 and 0.85 in the second half of the test. This indicates
a change in the dominant tribological mechanism, leading to strong
friction fluctuations in the case of a high level of adhesion.

To clarify this atmosphere-related change of the wear mechanisms,
the wear surfaces and height information of the plates are shown
in Fig. 17 and the wear surfaces of the cylinders in Fig. 18. When
comparing the plates, the high number of adhering wear particles in
the CO,/N,/0,-atmosphere is remarkable, which looks at first like a
smoothed, slightly plastically deformed, viscous liquid and completely
covers the pores which are visible for the test in air. Furthermore,
the significantly larger wear depth in the CO,/N,/O,-atmosphere can
be identified from the height information, which shows irregular and
large grooves with chipping of the porous material in the centre. In
contrast, the plate wears only minimally in air. A atmosphere related
wear shift from cylinder to plate can be summarised. Significant at-
mospheric differences can also be recognised for the wear surfaces of
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Fig. 16. Friction behaviour over time of isothermal tests in air and CO,/N,/O,-
atmosphere at 200 °C (50 N, 15 Hz, 1.6 mm, 120 min, 5 vol.% O,).

the cylinders. The cylinder tested in the CO,/N,/O,-atmosphere shows
a large amount of adhering material flakes from the counter body,
which become electrostatically charged in the SEM due to the higher
oxide content and are therefore were displayed in a lighter colour.
Whereas in air, mainly abrasive grooves and small, adhering, oxidised
and therefore darker wear particles can be identified.

Consequently, a shift of the dominant wear mechanisms takes place
in the low temperature range up to 300 °C due to atmospheric changes.
Abrasion, which dominates in air and leads to one-sided wear on the
cylinder, is replaced by adhesive material transfer from the porous plate
onto the cylinder in the CO,/N,/O,-atmosphere. This is accompanied
by a severe increase in friction in the CO5/N,/O,-atmosphere and the
increased adhesive properties of the wear particles lead to a significant
debris coverage of the plate.

These adhering wear particles, which even fill the pores of the plate
material, were analysed in more detail using an FIB cross-section. This
is represented in Fig. 19 and shows on the left side the round edge
of a deposited material particle and in the centre the darker coloured
wear particles, which fill a cavity of the sprayed layer on the plate. In
addition to isolated inclusions, cracks can be seen between some of the
adhering wear particles, allowing conclusions to be drawn about their
shape and indicating not only agglomeration and compaction but also
plastic deformation due to the tribological load.

To investigate a possible tribochemical influence of the atmosphere,
XPS depth profiles were determined for these plates tested at 200 °C,
and are shown in Fig. 20. The significantly higher oxygen and carbon
content, the significant decrease of the cobalt fraction and a slightly
lower molybdenum fraction in the CO,/N,/O,-atmosphere compared
to air are distinctive. The higher oxygen and lower cobalt content are
attributed to the previously described extensive adherence of oxidised
wear particles and are therefore not unexpected. However, the higher
carbon content is more interesting, because it is also present at depths
of 200-500 nm which argues against possible residues from sample
cleaning. The detailed evaluation of the XPS analysis data revealed
a clear shift of the Cls peak to lower binding energies (Fig. 21),
which are characteristic of carbides. However, the energy distributions
of the metals do not allow any conclusions about possible carbide
compounds, as the relevant binding energies correspond to those of
the oxides. Further systematic EDX analyses of adhering wear particles
(see supplementary data) also revealed a higher carbon content, which
was accompanied by a higher chromium content in the CO5/N,/O5-
atmosphere compared to air. Moreover, the positioning of the three
possible metals within the electrochemical series (Mo —0.2 V [53]; Co
—0.282 V [54]; Cr —0.76/-0.89 V [54,55]) also indicates the highest
tendency for chromium to release electrons. As a result, a tribochemical
reaction of CO, from the atmosphere with chromium is assumed, which
results in the generation of chromium carbides. The formed, hard
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0

Fig. 17. Worn surfaces and height information of plates (CoMo28Cr17Si3 HVOF-
plating) after isothermal tests in air and CO,/N,/O,-atmosphere at 200 °C (50 N,
15 Hz, 1.6 mm, 120 min, 5 vol.% O,); both images have the same scale.

chromium carbides act as an abrasive medium, adhering to the softer
cylinder material and increasing wear on the plate.

The atmosphere-related increase in friction and wear at the lowest
temperature range can therefore be attributed to the mechanism change
from abrasion to adhesion, which is correlated to a tribochemical reac-
tion with the CO, content of the atmosphere and the slower oxidation.
A formation of chromium carbides due to the tribochemical reaction is
assumed. Caused by the adhesive material transfer onto the cylinder,
as well as adhering abrasive wear particles, mainly the disc wears in
the CO,/N,/04-atmosphere.

In the high temperature range of 700 - 800 °C no influence of the
atmospheric variation on the glaze layer formation was observed. It is
assumed that, based on the previously discussed TEM analyses of the
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Fig. 18. Details of worn cylinder surfaces (CoM028Cr8Si2) after isothermal tests in air
and CO,/N,/0,-atmosphere at 200 °C (50 N, 15 Hz, 1.6 mm, 120 min, 5 vol.% O,).

Fig. 19. FIB-cross section of adhering material in a pore of the plate (CoM028Cr17Si3
HVOF-plating on 1.4713) after isothermal tests in CO,/N,/O,-atmosphere at 200 °C
(50 N, 15 Hz, 1.6 mm, 120 min, 5 vol.% O,).

wear particles, the debris is already in an oxidised state even in the
CO,/N,/0,-atmosphere below 600 °C. However, the thermal energy
required for the sintering process of the glaze layer is only achieved
for tests at 600 °C, therefore no atmosphere-related influence applies.

These results on the influence of the atmosphere on an unlubricated
high-temperature tribological system are consistent with the findings
published in [20] for an iron-based material pairing. Here, as well,
atmospheric changes in wear behaviour were only detected in the low-
est temperature range. The oxidation of the material-specific graphite
fraction, which was further slowed down by the lower oxygen partial
pressure, led to an improvement in the wear-reducing effect of the
graphite and resulted in slightly lower wear. In the high temperature
range, the wear-reducing glaze layer formation based on Fe,O; was
not affected by the tested atmospheres either. Comparable findings
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Fig. 21. XPS results of the Cls peak in 80 nm depth measured at a plate tested at
200 °C in CO,/N,/0O,-atmosphere (50 N, 15 Hz, 1.6 mm, 120 min, 5 vol.% O,).

were also made by Jiang et al. [13], who investigated the temperature-
and atmosphere-dependent wear behaviour of a nickel-based alloy. In
the lower temperature range, atmospheric changes had a strong effect
on wear, while decreasing oxygen content significantly increased wear
due to rising adhesion. In the upper temperature range, where glaze
layer formation occurs, an atmospheric effect could only be detected at
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Fig. 22. Tribologiac results of isothermal tests at 200 °C in different atmospheres
(50 N, 15 Hz, 1.6 mm & 120 min).

oxygen contents below 1.5 vol.% in an argon atmosphere. In the present
study, however, the oxygen content was at least 5 vol.% for comparable
operating conditions to exhaust gas systems, where no changes in the
formation of the glaze layer were observed.

Further studies investigating the influence of minimally oxygen-
containing atmospheres on wear behaviour at high temperatures are
unknown. For oxygen-free inert gas atmospheres, however, a strong
increase in wear due to the lack of an oxide layer at high temperatures
has already been repeatedly demonstrated [18,19].

An atmosphere-induced change of tribochemical reactions was also
demonstrated by Velkavrh et al. [17,35], who carried out experi-
ments in different inert gases. They demonstrated impressively that the
chemical inertness of the atmospheres has a direct influence on the
tribochemical products and thus on friction and wear. For tests in a
pure CO,-atmosphere, CO-containing coatings were determined with a
significant decrease in stability when the temperature was increased to
200 °C.

Empirically, the temperature-dependent atmospheric influence on
wear behaviour can be described with the following exponential func-
tion:

Veo, /N, /0,
V,

air
with kr; for T <Tgp

~ehr T

©)]

Here Vo, /N, /0, corresponds to the wear volume in the CO,/N, /O,-
atmosphere, V,;. to the wear volume in ambient air and k,(T) is a
constant.

3.5.2. Composition dependent atmospheric effect

The following section details the influence of the atmospheric com-
position on the tribological material behaviour. For this purpose, tests
were carried out at 200 °C with different oxygen contents as well
as mixing ratios with the CO,-N, cylinder gas and the results are
visualised in Fig. 22. The values shown at 5 vol.% oxygen correspond
to the results already presented and discussed in the previous section
and those at 21 vol.% correspond to the results in ambient air.

A clear increase of the wear volume with decreasing oxygen content
or increasing CO, content has been demonstrated for the plate. This
trend is accompanied by a rising energetic coefficient of friction, which,
as previously discussed, can be attributed to a mechanism change from
abrasion to adhesive material transfer. As a result of the mechanism
change, a shift of the dominant wear component occurs, from the
cylinder in air to the plate in the CO5/N,/0,-atmosphere. Furthermore,
the results show that a reduction from air (20.9 vol.%) to 15 vol.%
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oxygen already leads to this mechanism change and thus to a shift in
the wear proportions, but the total wear of the system initially rises
only slightly.

Only by Jiang et al. [13], the atmospheric composition was in-
vestigated in depth as an influencing factor on tribological material
behaviour. They used a nickel-based alloy as a like-on-like pairing
for their studies and transferred the results into a particle-based wear
model. For low temperatures around 150 °C and a decreasing oxygen
partial pressure of 21 - 2.5 kPa, their model also predicts an increase
in wear volume, which is explained by an increase of adhesion. Mathe-
matically, this is taken into account by an increase in particle size and
a decrease in the number of wear particles with lower oxygen partial
pressures in the wear model and is therefore only partially compara-
ble. However, the atmospheric shift of the wear mechanisms towards
adhesion was also demonstrated by Qiu et al. [56] for chromium steels
at low temperatures, although only tests in air and pure CO, and N,
were carried out. A mathematical description was not provided.

However, comparable findings were obtained in studies on oxida-
tion kinetics under different atmospheric compositions. For example, a
root-shaped correlation of the parabolic oxidation rate with the oxygen
partial pressure was determined for pure cobalt by Mrowec et al. [57].
The determined values of the exponent and other literature data listed
vary between 1/2.5 - 1/3.4, whereby these values were identified at
temperatures around 950 °C and show an increasing tendency with
rising temperatures. Przybylski et al. [58] also demonstrated that the
chromium content of a cobalt alloy has a significant influence on the
oxidation kinetics due to the high oxidation tendency. Again, exponents
between 1/2 - 1/2.6 were found for the correlation of the oxidation
rate with the oxygen partial pressure at temperatures of 1000 °C.
More recent oxidation studies by Peng et al. [42], which analysed
the investigated alloy, conclude that the initial oxidation behaviour is
significantly faster than a parabolic law.

In the lower temperature range of this material pairing, the abra-
sion of the cylinder dominates the wear behaviour in air. As already
discussed repeatedly, an oxidative-abrasive wear equation based on [4]
and [11] is suitable for describing this behaviour. Following this model,
higher temperatures, normal forces, etc. lead to faster oxidation of
the base material and result in a faster formation and subsequent
erosion of this oxide layer with consequently higher wear. However,
if the oxidation rate of the material decreases due to the change
to the atmosphere, the oxide layer formation is much slower. Due
to the increasing number of nascent surface areas, the proportion of
adhesive wear increases and results in significantly higher overall wear
for oxygen-reduced atmospheres. The previously discussed findings on
oxygen-dependent oxidation kinetics are therefore consistent with the
experimental results, their interpretation and the subsequent model
of understanding. Mathematically, the correlation of the total wear
volume V(po2 with the oxygen content of the surrounding atmosphere
®p, at 200 °C can be described by a hyperbolic function with an
exponent of —1/2:

1

®o,

(10)

~
®0,

4. Conclusion

This publication addresses the most important influencing factors
(temperature, normal force, displacement or frequency, sliding dis-
tance and atmosphere) of an unlubricated tribological system which
is exposed to high thermal loads in exhaust systems of internal com-
bustion engines. The objective is to further deepen the understanding
of these fundamental tribological mechanisms such as abrasion, ox-
idation or glaze layer formation and to enable these findings to be
transferred from the investigated Co-based alloys (CoM028Cr17Si3 vs.
CoMo028Cr8Si2) to other material systems by mathematically correlat-
ing the influencing factors with the resulting wear. The most important
findings are summarised in Fig. 23 and described below:



T. Konig et al.

>

CO2/N2/O2
e ’—\\\\/ Atmosphere

N\

System Wear V

-
Lab Air

Wear 566-567 (2025) 205758

To,

T< TGL'-

-1/2
V~(®o,)
V~ R (50, Sb, tb

T> Ty
V~ 5(}, S, t
V+P

200 400

600

I >
800

Temperature [°C]

Fig. 23. Temperature and atmosphere dependent wear behaviour and other empirical correlations regarding the oxygen content of the surrounding atmosphere ¢,,, normal force

P, stroke §;, and test duration r respectively sliding distance s.

+ Influence of temperature: The main factor influencing tribolog-
ical material behaviour can be subdivided in three temperature
ranges. Up to 300 °C the abrasion of the cylinder is dominant
and between 400 - 500 °C the increased oxidation and slight
adhesion of the wear particles leads to high wear of the plate.
From 600 - 800 °C the formation of a friction- and wear-reducing
glaze layer sets in. As the wear particles have similar chemical
compositions, structures and a homogeneous element distribu-
tion at different test temperatures, the thermal activation of the
tribologically supported sintering process of these particles is
the dominant influencing factor on the formation of the glaze
layer. The thermally induced increase of wear can be described
mathematically for both temperatures below and above the glaze
layer formation temperature (7;;) by an Arrhenius correlation
with different energy barriers and factors.

Influence of normal force: For the abrasive/oxidative wear
regime (T < Tg; ), the wear increases almost linearly with rising
normal force. In the glaze layer regime (T' > Ty;; ), no influence
of the normal force on the wear behaviour was observed.
Influence of displacement/frequency: In addition to the tribo-
logically induced local temperature increase at higher frequen-
cies, the displacement also has a significant influence on the wear
behaviour. It affects the particle transport in the contact zone and
especially the particle ejection. With a smaller displacement, wear
decreases linearly for all temperature ranges, as a higher particle
ejection hinders a third body formation at low temperatures (T <
T 1) or has a negative effect on the continuous sintering process
in the glaze layer regime (T > T;).

Influence of sliding distance/test duration: A power law de-
scribes the observed time behaviour of the system wear depth in
the abrasive/oxidative wear regime (T' < T;). After running-in
and the formation of a glaze layer (T > T, ), a approximately lin-
ear increase in wear with increasing sliding distance was demon-
strated and attributed to a continuous particle ejection. This is in
clear contrast to previously postulated findings of complete wear
prevention by a glaze layer [5,6,12,13,30].

Temperature dependent atmospheric effect: The influence of
a diesel exhaust gas-like atmosphere instead of ambient air leads
to a significant increase in friction and wear. This is related
to a mechanism change from abrasive to adhesive wear in the
lower temperature regime (7" < T;;). A tribochemical reaction
with the CO, of the exhaust gas-like atmosphere, along with
a slower oxidation reaction, is considered to be the cause of
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the increased adhesion tendency. The carbides produced by this
reaction were detected using XPS. At high temperatures (T > T;;;)
no atmosphere dependent influence of the glaze layer formation
can be observed, which is attributed to already fully oxidised
wear particles at these temperatures.

Composition dependent atmospheric effect: A hyperbolic in-
crease of wear with decreasing oxygen content was determined
for the abrasive/oxidative wear regime (T < T;; ). The underlying
mechanism change towards adhesion can be set in relation to the
exponential oxygen dependence of the oxidation rate, which thus
significantly determines the wear behaviour.
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