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 A B S T R A C T

This publication focuses on the influence of the contact geometry and especially the particle ejection on the 
tribological behaviour of unlubricated, thermally highly loaded contacts by a systematic comparison of a system 
and a model test. Moreover, the influence of temperature and the influence of an exhaust gas atmosphere on 
the tribological system behaviour of an austenitic cast iron was analysed in depth.

Between the system and model experiments, the dominant tribological mechanisms are broadly comparable, 
and the corresponding temperature regimes of the wear behaviour show excellent agreement. However, the 
wear rates and atmospheric effects are significantly different. By using grooved bushings, the influence of 
the particle ejection and thus the contact geometry on the tribological behaviour was analysed. For lower 
temperatures, comparable wear rates and atmospheric influences between the tests are only determined with 
grooved bushings.
1. Introduction

Tribological systems are highly complex, sensitive and are influ-
enced by a variety of factors. Model experiments are often used for 
screening purposes to enable the relevant influencing factors to be 
easily varied as required. In the field of high-temperature tribology, 
where lubrication with conventional fluids is not possible, several 
contact geometries were commonly used. For fretting, two crossed 
cylinders with initial point contact [1–3] or a lying cylinder on a 
plate [4] are rubbed against each other. For reversing tests with higher 
displacements ball-on-disk [5] or lying cylinder-on-disk [6] contacts are 
established.

Alternatively, system test setups are specially designed to match 
the respective high temperature application and are therefore more 
complex. Components of variable stator vane systems (−40–600 ◦C) are 
for example tested with an application oriented, complex load spec-
trum [7] or the waste gate mechanism of internal combustion engines 
(up to 800 ◦C) [8] was replicated in an furnace. These application-
related system tests always assume a high degree of transferability 
to the application. A lower transferability is usually attributed to the 
model tests, but this has only been verified in very few cases. Therefore, 
the question arises whether the higher transferability of the tribological 
results is indeed due to loading conditions which are closer to the 
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application and identical machining of the samples or whether the used 
contact geometry also has a significant influence.

Our aim is to investigate the degree of transferability between 
a simple model test [6] and an application-oriented system test in 
the field of high-temperature tribology. The influence of temperature 
and atmosphere on the resulting wear behaviour and the dominant 
tribological mechanisms are analysed using the same material pairing. 
Finally, the influence of the contact geometry is investigated.

The application for this research are unlubricated plain bearings 
of control and regulating flaps, which are used in the exhaust gas 
system of internal combustion engines. They fulfil functions such as the 
demand-based inflow to different turbochargers, the regulation of the 
exhaust gas volume flow fed back into the intake system and, as brake 
flaps, increase the exhaust gas back pressure. These tribological systems 
are exposed to high temperatures, up to 850 ◦C for diesel engines [9] 
and are not sealed against the exhaust gas atmosphere.

The material pairing of an austenitic cast iron with a chromium-
electroplated hot working steel derived from the application has al-
ready been tribologically characterised in depth with a cylinder-plate 
contact geometry. The temperature- and atmosphere-dependent results 
can be found in [6]. Further tribological investigations are rarerly 
found for both materials in the targeted temperature range. Mottled 
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cast iron was analysed by Zambrano et al. [10] at temperatures up 
to 600 ◦C. They found a wear-reducing oxide layer in the uppermost 
temperature range. The wear-reducing effect of chromium coatings 
has been demonstrated in some studies, at least at room temperature 
(RT) [11–13].

The dominant tribological mechanisms of unlubricated metal pair-
ings are highly temperature-dependent, as Bowden et al. [14] have 
already highlighted. In the lower temperature range, adhesion through 
the bare material surfaces is dominant [15]. Above a material-specific 
temperature, oxidation wear sets in, which is characterised by flaking 
and abrasion of the oxide layer [16,17]. Some material pairings form 
a wear-reducing glaze layer at higher temperatures, which is created 
by the tribologically assisted agglomeration, compaction and sintering 
of oxidised wear particles [2,16,18–20]. With a further increase in 
temperature, this regime is replaced by high abrasive wear, which is 
determined by the hard, abrading oxide particles and the decreasing 
material strength [15].

Another important mechanism for an unlubricated tribological sys-
tem is a so-called third body, first described by Godet [21,22], which is 
regarded as an intermediate phase in the tribo-contact and consists of 
wear particles. As these third bodies have load-carrying properties and 
separate the material surfaces of the contact partners, they may have 
friction and wear-reducing effects. The behaviour of the third body is 
a result of particle generation, entrapment, ejection and possible re-
entry into the contact area [23,24]. As the contact geometry has a 
significant influence on the ejection in particular, differences between 
the experiments can be expected.

In addition, the atmosphere has a significant influence on the tri-
bological mechanisms and thus the friction and wear behaviour. For 
example, in the model test [6], an atmosphere-induced decrease in wear 
was observed, which was explained by a lower oxidation of the graphite 
and the resulting lubricating effect. A change in the high temperature 
(HT) behaviour and the formation of the glaze layer was not detected 
at an oxygen content of approx. 5 vol.%, which is comparable to diesel 
exhaust gas from an internal combustion engine [25].

In contrast, in an almost oxygen-free helium atmosphere at temper-
atures of up to 950 ◦C, Rahaman et al. [26], found that a non-forming 
glaze layer leads to higher wear. Further atmospheric effects were only 
investigated at temperatures below 300 ◦C by Velkavrh et al. [27,28], 
Esteves et al. [29] and Qiu et al. [30]. They also observed an influ-
ence on the tribological behaviour with decreasing oxygen content, 
which is accompanied by decreasing oxidation. However, a shift of 
the tribochemical reactions due to changing gas components has a 
significantly stronger effect on the tribological behaviour than the 
oxygen level [27,28].

In the following, the influence of the atmosphere and the influence 
of temperature on a shaft-bushing contact system is analysed, which is 
similar to the application. Finally, the influence of the contact geometry 
is studied by using grooved bushings with increased particle ejection 
and a link is made to the model tests with the identical material pairing.

2. Materials and methods

2.1. Materials

For this research the same material pairing of former postulated 
model tests [6] were used. Therefore, the bushing is made of an 
austenitic cast iron and the chromium electroplated shaft consists of a 
hot working steel. Table  1 lists the composition of the studied materials. 
The microstructure of the materials is comparable to the visualised ones 
in [6]. The corresponding micro-sections after etching in a mixture of 
3 vol.% nitric acid and 97 vol.% ethanol for 30 s are displayed in Fig. 
1. On the shaft, the approx. 15 μm thick chromium layer is visible, 
as well as the fine pearlitic structure with an average grain size of 
45 μm. The microstructure of the austenitic cast iron of the bushing 
shows spheroidal graphite with an average diameter of 29 μm which is 
interrupted by small and isolated pearlitic areas.
2 
Table 1
Composition of the studied materials in wt.% [31,32].
 Material Fe C Cr Ni Si Mn Mo V  
 GGG-NiCr-20–3 base 2.6 3 20 2.5 1 – –  
 bushing  
 32CrMoV12–28 base 0.32 3 – 0.2 0.3 2.8 0.5 
 shaft  

Fig. 1. Microstructure of the electroplated shaft and the cast iron bushing.

2.2. Tribological experiment

A dedicated test setup was developed at the Fraunhofer IWM within 
a publicly funded project1 to enable application-oriented testing of 
thermally highly loaded, exhaust gas exposed and non-lubricated plain 
bearings. The testbench is shown in Fig.  2 and consists of a hydraulic 
normal force actuation (blue box), a heating chamber with the con-
tact geometry (red box), an electric motor generating the oscillating 
rotation (green box) and an auxiliary heater for exhaust gas generation 
(yellow box). The centre of the test bench forms a shaft-bushing contact 
system with application-oriented dimensions of 14 mm shaft diameter 
and 15 mm bushing width, which is illustrated in Fig.  3. At a normal 
force (blue) of 240N, which is pulling the bushing (orange) upwards by 
a hydraulic cylinder, an initial Hertzian pressure of 30MPa is achieved. 
The shaft (red) is supported on both sides by grooved ball bearings and 
set into oscillation (𝛿) by a highly dynamic electric motor.

To record the wear development over time, the position sensor, 
a linear variable differential transformer (LVDT), of the hydraulic 
cylinder is used. The friction and rotational position of the tribological 
system is measured by a torque and rotational position sensor (burster 
präzisionsmesstechnik, Gernsbach Germany, type 8661-5050-V2400, 
±0.05 Nm, 2000 increments per 360◦), whereby the friction of the 
rolling bearings in the system is neglected. Similar to the model test, 
the calculation method of the energetic coefficient of friction (𝐸𝐶𝑜𝐹 ) 
is also used for this system test. Therefore, the dissipated energy of 
one friction cycle (𝐸𝑑) is divided by four times the normal force (𝑃 ) 
multiplied by the sliding amplitude (𝛿0):

1 IGF-project 21253; title: Characterisation of the wear of unlubricated 
tribological systems exposed to exhaust gases
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Fig. 2. Application oriented test bench for shaft-bushing contacts with exhaust gas 
admission; blue box: hydraulic normal force actuation, red box: heating chamber 
and contact geometry, green box: electric motor for oscillating rotation, yellow box: 
auxiliary heater for exhaust gas generation.

Fig. 3. Contact geometry with normal force 𝐹𝑛 (blue) and rotational displacement 𝛿
(green): shaft-bushing.

𝐸𝐶𝑜𝐹 =
𝐸𝑑

4 𝑃 𝛿0
(1)

As shown elsewhere [1,33,34], this calculating method efficiently re-
duces the effect of wear-scar interaction on the coefficient of friction 
and allows results to be directly compared with other tribological 
experiments. Moreover, the calculation was accepted as a standard by 
the American Society for Testing and Materials [35].

In order to avoid high moments of inertia in the friction evaluation 
at frequencies of 15Hz, which have to be applied for comparable test 
conditions to the model test, the system test procedure consists of two 
different frequencies. The first 120 cycles within one hour are carried 
out at a frequency of 1Hz and the torque data are used to calculate 
the energetic friction coefficient. For the remaining 58min, the shaft 
oscillates rotationally at approx. 15Hz and an amplitude of 14.4◦, 
leading to a rapid increase in wear without friction evaluation. The 
rotation by 14.4◦ corresponds to a sliding amplitude of 1.76 mm and 
is therefore comparable with the stroke of the model test of 1.6 mm. 
3 
Table 2
Test parameters of the tribological system experiments.
 Parameter Value Unit 
 Load 240 N  
 Rotation angle 14.4 ◦  
 Frequency 1 & 15 Hz  
 Duration 19 h  
 Temperature RT - 800 ◦C  
 Atmosphere Ambient air,  
 diesel exhaust gas (3.5 vol.% O2)  

The test duration is in total 19h which means that the shaft-bushing 
samples are exposed to approx. 1million friction cycles.

A customised furnace chamber with two resistance heaters is used 
for the temperature control of the isothermal tests, which only heats the 
tribological contact bodies locally. A type 𝑁 thermocouple is welded to 
the bushing for temperature measurement. Before starting the test, the 
contact bodies are thoroughly cleaned with isopropanol and brought 
to the target temperature with 7.5K/min, whereby the last 20K are 
heated at a slow heating rate of 1K/min in order to achieve a homo-
geneous temperature distribution in the test setup and prevent thermal 
expansion during the test.

The heating chamber also has a heat-resistant oxygen sensor (Bosch 
LSU 4.9), which monitors the oxygen content near the tribological 
system. In addition, the burned combustion gas can flow through the 
heating chamber for tests in exhaust gas (approx. 3.5 vol.% O2). To 
generate this gas a diesel auxiliary heater (Webasto Thermo & Comfort 
SE, Gilching Germany, Air Top 2000 STC Diesel 12V) was used, which 
was located in a special designed and continuous aspirated box (Fig. 
2 yellow box). Moreover, the exhaust gas leaking from the heating 
chamber was also aspirated, as well as the heated air of the auxiliary 
heater. By comparing the oxygen content directly after the auxiliary 
heater and in the furnace chamber, the atmospheric conditions at the 
tribological system are ensured, while increased fresh air leakage in 
the chamber is documented and leads to a failed test. The used oxygen 
sensors and the residual data recording systems were verified after a 
preheating time of 30min in ambient air and with argon gas (≤ 2ppm 
O2) and a maximum deviation of ±0.02 vol.% O2 was achieved after 
three alternating atmosphere tests. The temperature of the incoming 
exhaust gas is around 203 ◦C. For tests in exhaust gas, the tribological 
system is first heated to the target temperature before the auxiliary 
heater is started to generate exhaust gas. As soon as a constant exhaust 
gas temperature has been reached, the tribological test was started.

Table  2 summarises the test parameters, which are related to the 
conditions of the model tests described in [6]. They were defined 
within the previously mentioned IGF project in collaboration with 
the manufacturers of the components ensuring that the normal force, 
the sliding speed, the temperatures, and the atmosphere reflect the 
application as closely as possible.

For the tests with grooved bushings, a total of 18 grooves were 
eroded into the lower part of the bushing. This manufacturing process 
has the advantage that no undesired burrs occur at the edges of the 
grooves leading to increased contact stresses. The grooves were made at 
an average distance of 12◦, with a width of 0.3 mm and at a right angle 
to the direction of movement (see Fig.  4), enabling the wear particles 
to be ejected once to the right and once to the left into a groove during 
each cycle, comparable to the model test. A depth of 1.5 mm was 
selected for the grooves in order to enable sufficient particle ejection 
even with larger wear depths.

2.3. Wear evaluation

The wear evaluation on the shafts was carried out in similarly as 
in our previous work [6] with a confocal microscope (confovis GmbH, 
Jena Germany, TOOLinspect Modell S) after cleaning with isopropanol. 
Using the structured illumination microscopy technique, a 1.28 mm 
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Fig. 4. Bushing with 18 grooves to promote particle ejection out of the tribological 
contact.

thick stripe was imaged across the entire width of the wear track with a 
height resolution of 0.3 μm. For this purpose, a position 25–35◦ next to 
the bottommost shaft position was selected. This position was chosen 
because the real line contact between the shaft and bushing is located 
here and therefore the highest wear of the contact pairing can be 
assumed. This phenomenon is shown in figure 1 in the supplementary 
data. The offset of the real line contact compared to the lowest shaft 
position, which can be regarded as the theoretical line contact, is due to 
the finite rigidity of the test setup. As a result of the friction force, the 
shaft moves minimally upwards on the bushing side wall and leads to a 
positional offset of the line contact to the left and right, depending on 
the direction of movement. For the wear calculation out of the confocal 
measurement, the tribologically unloaded zone next to the worn area 
was used to determine a reference height. This reference height was 
used to calculate the average wear depth and the average transfer 
height of the shafts.

It was necessary to use a 3-axis coordinate measuring machine 
(Hoffmann SE, München Germany, Garant MM2 CNC) to measure the 
bushings as concave surfaces are poorly suited for optical measur-
ing methods due to the low reflection efficiency. With a resolution 
of approx. 0.1 μm in the X, Y and Z directions, a ball stylus with 
D = 1,981 mm, and a total of 180 touch points, the inner diameter of 
the bushing was measured at three heights after the tribological test, 
in the centre and 2 mm away from the outer edges in each case. The 
largest inner diameter measured in each case was averaged over the 
height and by subtracting the initial diameter the mean wear depth of 
the bushing was determined.

The following assumptions were made for the calculation of the 
wear volume: The wear distribution on the bushing and shaft lead to 
an elliptical shape with the radius (𝑟𝑏𝑤) respectively (𝑟𝑠𝑤), which at the 
ends of the semi-ellipse merges back into the original circular shape 
with (𝑟𝑏−𝑖𝑛𝑖) respectively (𝑟𝑠−𝑖𝑛𝑖). This simple assumption of elliptical 
wear formation, which does not require additional measurement of the 
contact bodies, has proven to be only partially correct. In most cases, a 
dent-like volume reduction occurred at the two turning points and only 
minimal wear at the lowest (theoretical contact) point.

The wear volume of the shaft (𝑉𝑠) is calculated with the assumption 
of elliptical wear formation and with the width of the wear track (𝑏𝑠𝑤) 
from the confocal microscope images by:

𝑉𝑠 =
𝜋
2
[𝑟2𝑠−𝑖𝑛𝑖 − 𝑟𝑠−𝑖𝑛𝑖 𝑟𝑠𝑤] 𝑏𝑠𝑤 (2)

The wear volume of the bushing (𝑉𝑏) is calculated equivalently with a 
bushing width (𝑏𝑏𝑤) of 15 mm by:

𝑉𝑏 =
𝜋
2
[𝑟𝑏−𝑖𝑛𝑖 𝑟𝑏𝑤 − 𝑟2𝑏−𝑖𝑛𝑖] 𝑏𝑏𝑤 (3)

The corresponding CAD model was used to calculate the wear of the 
grooved bushings, which also allows a conversion between wear depth 
and wear volume. The previous assumptions regarding the elliptical 
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wear shape and the transition between semi-ellipse and semicircle were 
retained. This procedure ensures that the grooves were taken into 
account in the calculation of the wear volume and therefore the test 
results are not falsified by them.

2.4. Characterisation of wear tracks

As a first step, before different characterisation methods were 
performed, the specimens were cleaned with isopropanol to remove 
loose wear particles. An digital single-lens reflex camera (Nikon, Tokjo 
Japan, DSLR D200) with a 60 mm macro lens and appropriate lighting 
technology was then used to take overview images of the worn surfaces 
of shaft and bushing.

To further investigate the tribological test specimen and determine 
the primary wear mechanisms, a scanning electron microscope (SEM) 
with a secondary electron detector (Carl Zeiss Microscopy, Oberkochen 
Germany, SUPRA™ 40VP) was utilised. Surface pictures were recorded 
using an acceleration voltage of 8 kV and a working distance of around 
8 mm.

To investigate the tribochemical changes caused by temperature 
and atmospheric influences, X-ray photoelectron spectroscopy (XPS) 
was used on selected samples following additional cleaning with cy-
clohexane and isopropanol. XP spectra were collected using a PHI 
5000 VersaProbe™ II (Physical Electronics Inc) and monochromatic 
Al K𝛼  (1486.7 eV) X-rays. The constituent element depth profiles 
were measured using argon ion sputtering with a 200 μm spot size, 
0.2 eV energy resolution, and 47 eV pass energy. The depth scale was 
calibrated using a SiO2 wafer that had a predefined surface thickness. 
Typically, the samples were sputtered for 25min at a rate of 2nm/min 
(500 mA, 1 kV) in order to provide a detailed image of the surface 
chemical composition. After that, for the next 45min, the sputter rate 
was raised to 10nm/min (1000 mA, 2 kV), which produced an overall 
profile depth of 500 nm. XP spectra and depth profiles with LLS fitting 
were analysed by applying the PHI-Multipak software.

To identify different oxidation states of the oxides, Raman spec-
troscopy with a Renishaw inVia™ (Renishaw plc., Gloucestershire United
Kingdom) was carried out on the cleaned wear surfaces. For this pur-
pose, a 532 nm laser was operated at a laser power of approx. 0.8mW 
and the surface was irradiated for a total of 90 s. The instrument-
specific WiRE™ software was used to analyse the spectra and for 
automatic correction of the cosmic radiation.

3. Results

At first the tribological results of the standard bushings concern-
ing the thermal and atmospheric effects are mentioned. The second 
subsection deals with the tribological results of the grooved bushings 
promoting debris ejection.

3.1. Tests with standard bushings

3.1.1. Influence of temperature
The diagram 5 shows the wear volumes of the shaft and bushing, as 

well as the energetic coefficient of friction for isothermal tests in air. A 
scatter bar represents the standard deviation of three independent tests. 
The hard chrome-plated shaft has a minimal, almost neglectable wear 
volume over nearly the entire temperature range tested here, except 
for 800 ◦C, where a slight increase in wear was detected. However, 
in order to evaluate the adhesive material transfer to the shaft, the 
increase in volume due to material transfer is shown as negative wear 
volume. This adhesive material transfer to the shaft increases slightly 
from RT to 200 ◦C and remains at a similar level up to 500 ◦C before 
returning to zero. The wear behaviour of the bushing can be described 
in two temperature ranges. In the lower temperature range between 
RT and 400 ◦C, the wear increases with higher temperature, has its 
highest value at 200 ◦C and then decreases again. Between 500 and 
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Fig. 5. Tribological results of isothermal system tests in air (240N, 1 &15Hz, 14.4◦, 
19h), wear volume (mm3) of the shaft and bushing shown by orange circles and 
yellow cubes corresponds to the left axis, energetic coefficient of friction shown by 
blue diamonds corresponds to the right axis, markers represent the mean value and 
scatter bars the standard deviation of three independent tests.

Fig. 6. Time dependent tribological material behaviour tested with a standard bushing 
at 200 ◦C in air (240N, 1 &15Hz, 14.4◦, 19h), 𝑍-axis position of the hydraulic normal 
force cylinder [mm] shown by green triangles corresponds to the left axis, energetic 
coefficient of friction shown by blue diamonds corresponds to the right axis, markers 
represent the mean value and scatter bars the standard deviation of two-minute, high-
resolution recording at different test times.

800 ◦C the wear values are consistently at a low level, only at 600 ◦C 
was slightly increased wear detected. The mean energetic coefficients 
of friction follow a slightly decreasing trend from 0.65 at RT to 0.46 
at 600 ◦C. At 700 and 800 ◦C, however, the ECoF decreases to lower 
values between 0.38 and 0.42.

In addition to the friction and wear values averaged over the test 
time, it is also possible to analyse the corresponding time-dependent 
curves. These are shown for an exemplary test at 200 ◦C in air in Fig. 
6. The test shows an initial, rapid increase in the ECoF during the first 
hour which then remains at a stable level of 0.61. The height position 
of the hydraulic normal force cylinder enables conclusions regarding 
the time-dependent wear development. The test starts at a height of 
−39.894mm during the first friction cycles and after one hour the 
position is declined to a height of −39.93mm, that gives a hint towards 
a formed particle bed as third body. In the remaining test period from 
2h onwards, an almost linear trend towards higher positions can be 
recognised, which corresponds to a continuous increase in wear.

For temperatures higher than 200 ◦C, no reliable evaluation of the 
position of the normal force cylinder is possible due to the low wear 
5 
Fig. 7. Time dependent friction behaviour tested with standard bushings at 400, 600 
& 800 ◦C in air (240N, 1 &15Hz, 14.4◦, 19h), energetic coefficient of friction shown 
by blue diamonds corresponds to the left axis, markers represent the mean value and 
scatter bars the standard deviation of two-minute, high-resolution recording at different 
test times.

depth combined with large thermal expansions, therefore the friction 
curves for 400, 600 & 800 ◦C are summarised in one Fig.  7. At 400 ◦C 
the initial friction behaviour is comparable to 200 ◦C, at first the ECoF 
rises to 0.55 and then remains at this high level. During the further 
progression of the test, from 6–8h onwards, however, the behaviour 
differs from that at 200 ◦C, as the ECoF drops continuously to values of 
0.44. This decrease in friction can also be seen in the friction behaviour 
at 600 ◦C, which starts after 3h compared to 400 ◦C and reaches a 
slightly lower level of 0.41 after 12h. The friction behaviour at 800 ◦C 
is in clear contrast to that at lower temperatures, as it already starts 
with an ECoF of 0.4 and maintains a constant, stable level around this 
value over the entire test.

To identify the dominant tribological mechanisms for the different 
temperature ranges, selected specimens were analysed using SEM. Fig. 
8 shows the surface images of the wear scars of the bushings and Fig. 
9 shows the wear scars of the shafts. The shown wear pattern are 
characteristic for the corresponding temperature range and serve as 
examples.

At 200 ◦C, the wear surface of the bushing is characterised by large, 
deformed, scale-like material adhesion and accumulated wear particles, 
which are interspersed in the direction of movement (vertically) by 
abrasive furrows of up to approx. 180 μm in width. At 400 ◦C, the 
large scales change into smaller ones, which are partially covered by 
an overlying, plastically deformed/smeared layer. Abrasive furrows still 
pervade the wear surface. With a further increase in temperature to 
600 ◦C, large areas of the wear surface are dominated by a formed glaze 
layer, which is partially replaced by slightly deeper depressions with 
adhering wear particles. Abrasive marks are no longer visible at this 
temperature. The wear surface of the bushing at 800 ◦C is mainly char-
acterised by strong oxidation and the resulting high surface roughness 
and island-shaped detachment of the oxide layer. Only isolated, darker 
and higher areas are identifiable, which show an overlay by a glaze 
layer.

The wear surface of the shaft at 200 ◦C clearly shows adhesive 
material transfer from the bushing, which is accompanied by many 
adhering wear particles. At 400 ◦C, the shaft is also covered with adhe-
sive material transfer, which has a scale-like structure and, similar to 
the bushing, is partially covered by an overlying, plastically deformed 
layer. After a test at 600 ◦C, the shaft shows a glaze layer covering 
a large area, which was formed in the direction of movement and is 
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Fig. 8. Worn surface of standard bushings after isothermal tests at 200, 400, 600 & 
800 ◦C in air; all images have the same scale.

intersected by individual depressions or fractures. At 800 ◦C, the wear 
surface of the shaft is also characterised by a glaze layer with significant 
abrasive furrows as well as chipping and fracture edges of the layer.

Fig.  10 contrasts the wear surfaces of two shafts after tests at 200 
and 600 ◦C, representing the two dominant tribological mechanisms of 
this material pairing. On the one hand, the brown, adhesive material 
transfer and wear particles from the bushing that adhere to the shaft at 
200 ◦C. On the other hand, the tribologically formed glaze layer, shown 
6 
Fig. 9. Worn surface details of shafts after isothermal tests with standard bushings at 
200, 400, 600 & 800 ◦C in air; all images have the same scale.

here dark and highly reflective, which was built up on the shaft surface 
but does not fully cover the entire contact surface.

To evaluate the tribological impact on the base material and the 
structure of the glaze layer, a microstructural cross-section was made 
of a bushing tested at 700 ◦C, which is shown unetched in Fig.  11. A 
grown and adhering, darker oxide layer with a thickness of up to 27 μm
is clearly visible on the material surface. This layer has several pores 
and consists in part of two areas with different colours. A transitional 
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Fig. 10. Wear scar of shafts after isothermal tests with standard bushings at 200 & 
600 ◦C in air; both images have the same scale.

Fig. 11. Surface-near microstructure of a bushing tested at 700 ◦C in air.

area follows at increasing depth below the oxide layer, which has both 
oxidised, dark regions and lighter spots. Below a depth of 40 μm, the 
original material structure with spheroidal graphite is dominant.

In order to identify different oxidation states of the materials in 
the investigated temperature range up to 800 ◦C and to evaluate their 
effects on the tribological behaviour, the hard chromium-plated shafts 
were examined using Raman spectroscopy. The complete results in 
100K steps can be found in the supplementary data (figure 2). Only 
the results for samples after tests at 600 and 700 ◦C, which are repre-
sentative of the temperature range below and above, respectively, are 
shown in Fig.  12 as extracts. The Raman spectra, which were measured 
at three different positions on the wear surface of the shaft after a test 
at 600 ◦C, uniformly show a large peak at 665 cm−1 and a slight peak 
at 300–320 cm−1. These positions as well as the size relations of the 
peaks correspond to those of Fe3O4 (magnetite) [36]. Consequently, 
it is assumed that mainly Fe3O4 is formed in tribological contact at 
temperatures reaching up to 600 ◦C. A significantly different Raman 
spectrum was detected on the shaft after an experiment at 700 ◦C. A 
large peak can still be seen at 665 cm−1, but a second one at 1320 cm−1. 
Further small peaks are at 220, 300, 410, 500 and 610 cm−1. However, 
these positions correlate with those of Fe2O3 (haematite) [37]. Never-
theless, as a large peak at 665 cm−1 continues to dominate, which has 
only a slight appearance in Fe2O3, it is assumed that the present oxide 
is a mixture of Fe2O3 and Fe3O4, causing the spectra to overlap.

To analyse the other chemical components of the material transfer, 
the third body and the glaze layer in more detail, XPS analyses were 
performed on both shafts and bushings in 200K steps. The depth 
profiles of the sample bodies were summarised in two diagrams 13 
by averaging the chemical proportions at a depth between 250 and 
350 μm and plotting them over the corresponding test temperature. 
Unfortunately, the Fe2p3-peak was selected for the analyses on the 
shaft and bushing up to 600 ◦C, which is proven to be influenced by 
the nickel content [38,39]. Consequently, the measured iron contents 
up to 600 ◦C are of limited reliability.
7 
Fig. 12. Raman spectra from wear track of shafts at different positions after isothermal 
tests with standard bushings at 600 & 700 ◦C in air.

It is remarkable that the chemical composition of the adhering 
material transfer and of the glaze layer formed on the shaft does not 
change up to and including 600 ◦C. As only a minimal proportion 
of Cr and a significant proportion of Ni, as an alloying element that 
occurs exclusively in the bushing material, was detected, the material 
transfer to the shafts is also chemically proven. This material transfer 
consists of 49 at.% oxygen, approx. 28 at.% iron (possibly distorted), 
15–18 at.% nickel and small amounts of silicon and carbon. In tests 
at 800 ◦C, the amount of chromium increases significantly, which is 
attributed to a not fully formed glaze layer, as a comparable amount 
of chromium was also measured on the top surface but also around the 
depth of 300 μm. In addition, the oxygen content increases significantly 
to 58 at.% and is accompanied by a decrease in the iron content to 
22 at.%. This result supports the previously obtained findings from the 
Raman spectra indicating a change in the oxidation states from Fe3O4
to Fe2O3 above 600 ◦C. The proportion of nickel decreases at 800 ◦C to 
almost 0 at.%.

The chemical compositions near the surface of the bushing show 
a more complex, volatile temperature behaviour. The oxygen content 
increases slightly but constantly over the whole temperature range. 
This result confirms the previously discussed change in oxidation states 
from Fe3O4 to Fe2O3 above 600 ◦C, based on comparable iron amounts 
between 600–800 ◦C. The possibly distorted iron content fluctuates 
between 37 to 22 at.% in the temperature range up to 600 ◦C. The 
previously observed temperature-related decrease in the nickel content 
was also detected on the bushing. In particular, only a minimal pro-
portion of nickel was measured at 600 ◦C, but even at 800 ◦C only 
6 at.% was found. The carbon content, which reaches higher values 
in the temperature range between 200–600 ◦C, is mainly attributed to 
contaminations and solvent residues, which are particularly found in 
the porous adhered material and particle accumulations that occur in 
this temperature range. The low proportions of the additional alloy-
ing elements silicon and chromium show only slight changes for the 
different test temperatures.

3.1.2. Influence of atmosphere
This section presents the tribological results of the tests in exhaust 

gas atmosphere as well as subsequent analyses. Diagram 14 compares 
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Fig. 13. Element concentration of XPS depth profiles at 300 nm over temperature for 
shafts and standard bushings tested in air (Fe2p3 possibly distorted by Ni).

the wear values marked with half-black markers and grey scatter bars 
from tests in exhaust gas with the values in air that have already been 
presented. No significant differences between the atmospheres can be 
seen up to and including 600 ◦C, the highest wear values were mea-
sured at 200 ◦C. Above 500 ◦C the wear is at a low level. Atmospheric 
wear differences only occur at 700 ◦C and above. Both the average wear 
of the bushing in exhaust gas is significantly higher than the value 
in air, and the standard deviation of the three tests in exhaust gas is 
significantly larger than that at 600 or 800 ◦C in air. This is attributable 
to a test that shows a very high wear value in the centre of the bushing, 
as a 0.5–1 mm area of material has chipped out of the bushing and 
adheres to the shaft. This phenomenon is shown in Figs.  17 and 18. In 
addition, two tests were aborted under these conditions as the bushing 
got stuck on the shaft and activated the torque limitation. Exceeded 
torque limit events did not occur under any other test conditions and 
are therefore not classified as normal behaviour of the contact pairing. 
Even at 800 ◦C, the wear in an exhaust gas atmosphere is slightly higher 
than in air and can be attributed to small material chipping on the 
bushing. This test in exhaust gas also had to be repeated because the 
shaft and bushing got stuck during the test.

The friction behaviour of the tests in exhaust gas is also indicated 
with half-sided black markers and compared with the results in air 
8 
Fig. 14. Wear results of isothermal tests in air and exhaust gas atmosphere (240N, 
1 &15Hz, 14.4◦, 19h), wear volume [mm3] of the shaft and bushing shown by orange 
circles and yellow cubes corresponds to the left axis, half-sided black markers indicate 
tests in exhaust gas, markers represent the mean value and scatter bars the standard 
deviation of three independent tests.

Fig. 15. Friction results of isothermal tests in air and exhaust gas atmosphere (240N, 
1 &15Hz, 14.4◦, 19h), energetic coefficient of friction shown by blue diamonds 
corresponds to the left axis, markers represent the mean value and scatter bars the 
standard deviation of three independent tests.

in Fig.  15. Similar to the wear behaviour, the friction behaviour in 
the lower temperature range up to 400 ◦C is not influenced by the ex-
haust gas atmosphere. Only between 500–700 ◦C a significantly higher 
friction level can be observed in exhaust gas than in air. At 800 ◦C, 
however, the low friction level of the tests in air is reproduced in 
exhaust gas.

For a more precise comparison of the friction differences between 
the atmospheres, the friction curves during the two-minute friction 
measurement at different test times are shown in Fig.  16. At the 
beginning of this exemplary selected test at 700 ◦C in an exhaust gas 
atmosphere, the ECoF starts at an unstable level of approx. 0.4 and 
reaches a very stable and constant level of 0.55 after 2–3h, which 
persists for almost the entire remaining test time. However, there are 
two points in time, after 6 and 19h, when the fluctuating friction 
deviates significantly from this stable behaviour and friction values 
of 0.67 are reached. Consequently, the increase in friction observed 
in the exhaust gas atmosphere is also accompanied by a significantly 
higher fluctuation of the ECoF over time, which is a characteristic of 
the observed adhesive material chipping.
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Fig. 16. Time dependent friction behaviour tested with a standard bushing at 700 ◦C 
in exhaust gas atmosphere (240N, 1 &15Hz, 14.4◦, 19h).

Fig. 17. Wear scar of shafts after isothermal tests with standard bushings at 700 ◦C in 
air & exhaust gas; both images have the same scale.

The adhesive material that fractures during exhaust gas tests at 
700 ◦C are visualised in Figs.  17 and 18 for shaft and bushing with 
a macro and SEM image respectively. For comparison purposes, wear 
surfaces from tests in air are also shown. On the shaft, a significantly 
stronger abrasive grooving of the glaze layer in exhaust gas as well 
as large rough areas, partly with island-shaped adhesions, are visible. 
In contrast, the glaze layer in air shows a much more homogeneous 
appearance, with no adhesions or rough areas. In Fig.  18 of the bush-
ings, these adhesive material chippings are clearly visible. The bushing 
in exhaust gas shows two 600–800 μm large fractured zones, which 
probably adhere elsewhere on the bushing surface again, are covered 
by a glaze layer and are accompanied by clearly observable furrows in 
the direction of movement that are up to 200 μm deep. Similarly, the 
remaining contact surface only shows a glaze layer at the higher areas. 
In contrast, the bushing from a test in air shows a uniform, continuous 
glaze layer surface, which is only occasionally disrupted by 50–80 μm
wide furrows.

The microstructure of the unetched cross-section taken from a bush-
ing tested in exhaust gas, shown in Fig.  19, differs significantly from 
that in air (Fig.  11). Here, an approx. 100 μm thick oxide layer is visible, 
which is twice as thick as in air. Different areas within the surface 
layer are also visible here, an upper, dark area with some pores and 
an underlying, light grey transition area with a large number of pores. 
Furthermore, in the adjacent base material, narrow, elongated graphite 
9 
Fig. 18. Worn surface details of standard bushing after isothermal tests at 700 ◦C in 
air and exhaust gas; both images have the same scale.

Fig. 19. Surface-near microstructure of a bushing tested at 700 ◦C in exhaust gas.

grains are visible, which indicate a strong plastic deformation of the 
material and thus also high loading.

Additional XPS depth profiles were measured at the contact bodies 
after a test at 700 ◦C in exhaust gas and shown in extracts for the shaft 
in Fig.  20. As a reference baseline, an XPS measurement of a shaft 
tested at 600 ◦C in air with possibly distorted iron content is used. On 
one hand, the test in exhaust gas showed a 4–5 at.% higher chromium 
content compared to air. This difference is attributed to the glaze layer, 
which does not completely cover the chromium coating of the shaft 
within the measuring spot of the XPS, whereby the composition of 
the layer is overlaid with the chromium coating. On the other hand, 
the depth composition in exhaust gas shows a slightly higher oxygen 
content and a lower amount of iron and nickel. These differences might 
either be due to a slight distortion of the results at 600 ◦C or are related 
to the atmospheric change.



T. König et al.

 

Wear 570 (2025) 206001 
Fig. 20. XPS depth profiles of shafts after isothermal tests at 600 resp. 700 ◦C in air 
and exhaust gas.

Raman spectra, measured at different positions in the wear track 
of the shafts after the test at 700 ◦C, are provided in the supplemen-
tary data (figure 3). They show a comparable response to Fig.  12 
(700 ◦C) and indicate the same oxidation state of the iron oxides as 
the experiments in air, consisting of a mixture of Fe3O4 and Fe2O3.

3.2. Tests with grooved bushings

To investigate the influence of the wear particles and a self-forming 
particle bed as a third body between contact partners, tests were carried 
out with grooved bushings. These tests were done at 200 ◦C, as the 
highest wear value with normal bushings were determined at this 
temperature and moreover, because an adhesive wear regime with high 
particle generation dominates here. In addition to tests in air, further 
tests were carried out in an atmosphere of exhaust gases to investigate 
the influence of the atmosphere on the changed contact geometry and 
possibly changed tribological mechanisms.

Fig.  21 depicts the wear and friction values determined with grooved
bushings at 200 ◦C with those determined with normal bushings at 
100–300 ◦C to highlight the difference between the contact geometry 
when compared to temperature changes. It clearly can be seen that 
there is a significant increase in wear on the bushing by a factor of 
five because of the grooves introduced, which is considerably higher 
than the temperature-related changes in wear. The minimum wear 
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level of the shaft is not changed by the additional grooves in the 
bushing. However, the friction decreases slightly from a level of 0.59 
with normal bushings to a level of 0.57 with grooves. In an exhaust 
atmosphere, the bushing wear decreases by 40% compared to air while 
the minimum shaft wear is not affected. This trend can only be observed 
with the grooved bushings; no atmosphere-related difference can be 
identified with the normal bushings. In addition to the reduction in 
wear with grooved bushings in an exhaust gas atmosphere, a further 
reduction in friction to a level of 0.55 was also recorded.

The development of wear and friction over time of an exemplary test 
with a grooved bushing at 200 ◦C in air is shown in Fig.  22. Initially 
low friction reaches a stable level of 0.55 after the first hour, which 
gradually rises to slightly higher values around 0.6 during the rest of 
the test. Furthermore, an almost linear increase of the z-position of the 
hydraulic normal force cylinder and therefore a linear increase in wear 
was recorded over the test time.

To compare the dominant tribological mechanisms between the 
tests with standard bushings and grooved bushings, the wear surfaces 
are depicted at two different magnifications in Fig.  23. The top two im-
ages show the normal bushings, which are characterised by 100–200 μm
wide furrows in the direction of movement, large, scale-like deformed 
material particles on the surface and accumulated wear particles. At 
higher magnification, the adhering particles in particular, but also 
abrasive marks at the bottom of the furrows, are clearly identified. The 
two lower images were taken of the grooved bushings. The furrows are 
clearly visible at low magnification but are reduced in size compared 
to the initial state due to plastic deformation of the bushing material. 
A slightly different wear pattern is visible here; the surface is still 
characterised by abrasive furrows and slight plastic deformations, but 
these are significantly narrower (15–20 μm) and appear less deep. 
Furthermore, only small adhering wear particles can be seen, which no 
longer have a scale-like shape and generally seem to be less present. 
When comparing the material transfer adhering to the chrome plating 
of the shafts (see supplementary data figure 4), it is evident that the 
transfer is characterised by significantly smaller particles and stronger 
smearing/plastic deformation in the case of grooved bushings.

The grooved bushings tested in an exhaust gas atmosphere (supple-
mentary data figure 5) show a comparable wear pattern to the bushings 
tested in air shown in Fig.  23. An abrasive but narrow grooving is 
accompanied by sporadic, adhering and deformed small wear particles. 
The shafts tested in an exhaust gas atmosphere show adhering material 
transfer, similar to the tests in air.

To analyse the atmospheric wear reduction in exhaust gas in more 
detail, XPS depth profiles were determined on the samples with grooved 
bushings. Selected results of the grooved bushing in exhaust gas are 
compared with a normal bushing in air in Fig.  24, both were tested 
at 200 ◦C. The major difference between the measurements is obvious: 
with a normal bushing in air, a tribologically mixed and oxidised layer 
forms on the material surface, which extends further into the base 
material than the measuring range of 500 nm used. With the grooved 
bushing in exhaust gas, this oxidised area can only be detected at a 
depth of 50 nm. At greater depths, the composition of the bushing 
material dominates. In addition to the oxidation depths, another dif-
ference can be seen by analysing the results in more detail: the depth 
profiles of the carbon content are different. In air, there is a near-surface 
maximum of 58 at.%, after 100 nm the carbon content drops to 23 at.% 
and at a depth of 500 nm it is 16 at.%. The grooved bushing tested 
in exhaust gas starts at 61 at.% carbon at the surface, after 100 nm it 
still has a quantity of 30 at.% and at 500 nm depth it has a content of 
25 at.%. This distinctive increase in the carbon content is attributed to 
the different atmospheres.

4. Discussion

4.1. Discussion of shaft bushing results

The tribological high-temperature behaviour of the investigated 
material pairing consisting of a chromium-plated hot-work tool steel 
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Fig. 21. Tribological results of isothermal tests with grooved bushings in air and exhaust gas atmosphere (240N, 1 &15Hz, 14.4◦, 19h), wear volume [mm3] of the shaft and 
bushing shown by orange and yellow bars corresponds to the left axis, energetic coefficient of friction shown by blue diamonds corresponds to the right axis, markers or bars 
represent the mean value and scatter bars the standard deviation of three independent tests.
Fig. 22. Time dependent tribological material behaviour tested with a grooved bushing 
at 200 ◦C in air (240N, 1 &15Hz, 14.4◦, 19h),𝑍-axis position of the hydraulic normal 
force cylinder [mm] shown by green triangles corresponds to the left axis, energetic 
coefficient of friction shown by blue diamonds corresponds to the right axis, markers 
represent the mean value and scatter bars the standard deviation of two-minute, high-
resolution recording at different test times.

and an austenitic cast iron can be divided into two temperature ranges. 
Between RT and 400 ◦C, the wear behaviour is dominated by a particle 
bed as third body separating the contact bodies. In this temperature 
range, the wear initially increases and reaches its maximum at 200 ◦C. 
This increase might be attributed to a thermally enhanced oxidation, 
which, comparable to the wear model of Quinn [17], leads to higher 
wear due to flaking of oxide layers. As the temperature continues to 
rise, the wear decreases as a result of possibly changed states of motion 
or adhesion tendencies within the third body. Material transfer from 
the bushing can be found on the generally unworn chrome layer of the 
shaft (Fig.  9 & 13). The bushing itself is characterised by flaky material 
adhesions and wide abrasive furrows (Fig.  8) and shows the highest 
wear in this temperature range. The material surfaces and therefore 
also the wear particles are present here in an oxidised state as Fe3O4
(Fig.  12), whereby the oxide content increases with temperature (Fig. 
13). The developed third body was verified by the position signal of the 
hydraulic normal force cylinder (Fig.  6), as it moved downward after 
the first hour and the formation of the third body instead of moving 
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upward, which would be expected in the case of wear or settling. This 
height difference of 36 μm is therefore attributed to the formation of a 
third body. In this wear region, the wear increases linearly with time 
and the friction is between 0.65–0.5 with a constant time behaviour 
(Fig.  7).

In the upper temperature range from 500 ◦C to 800 ◦C, a glaze 
layer is formed, which leads to a significant reduction in friction 
and wear (Fig.  5). The wear surfaces of the contact bodies are not 
completely covered at any temperature, at 600 ◦C depressions with 
adhering abrasion are visible and at 800 ◦C abrasive furrows penetrate 
the glaze layer on the shaft (Fig.  9). At 800 ◦C the bushing is already 
above the thermal limit and shows strong oxidation (Fig.  8). It has been 
proven that starting at 700 ◦C the glaze layer consists of a mixture of 
Fe3O4 and Fe2O3 (Fig.  12), which correlates with an already initially 
low and stable coefficient of friction (Fig.  7). At 500–600 ◦C, however, 
the glaze layer consists mainly of Fe3O4 and shows higher coefficients 
of friction of up to 0.6, which only reach a stable level of around 0.4 in 
the further progress of the test. Based on this, it is assumed that these 
differences in oxidation states are responsible for the different friction 
properties.

The lower temperature range dominated by the third body is not 
influenced by a change in the surrounding atmosphere from air to diesel 
exhaust gas. This is attributed to the separating but gas-permeable layer 
of debris and the residual oxygen content that is still present in the 
exhaust gas. As a result, the tribological system can continue to react 
with oxygen at any point, produce oxidised surfaces and particles and 
form the same tribological mechanisms as in air.

In the upper temperature range characterised by the glaze layer 
and especially at 700 ◦C, a significant change can be identified due 
to the atmospheric variation. On the one hand, significantly higher 
coefficients of friction are observed, which are accompanied by a 
volatile time behaviour. On the other hand, there are large adhesive 
chippings on the bushing, which in some cases still adhere to the shaft 
and are overlaid by a glaze layer in some areas. Furthermore, a thicker 
oxide layer was detected in the exhaust gas atmosphere, which is 
accompanied by a highly porous transition layer. It is therefore possible 
that stronger oxidation or corrosion occurs in the exhaust gas, which 
leads to the instability of the oxide layer and thus explains the increased 
adhesive material transfer. The chemical analyses (Raman and XPS) 
show no clear atmospheric differences, which means that the change 
in tribological behaviour cannot be explained by different chemical 
compositions. Consequently, the question concerning the cause of the 
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Fig. 23. Worn surface details of standard bushing and grooved bushing after isothermal 
tests at 200 ◦C in air.

atmosphere-induced change in wear cannot be fully answered and 
requires further investigation.

The tests with grooved bushings definitively demonstrated the im-
portant role of the third body in the wear behaviour of this material 
pairing. The grooves in the contact surface, which make it easy for wear 
particles to be ejected, increase wear by a factor of five compared to 
normal bushings. Furthermore, no change in the normal force cylinder 
position was determined for the grooved bushings (Fig.  22). In addition, 
12 
Fig. 24. XPS depth profiles of standard bushings tested in air and grooved bushings 
tested in exhaust gas, both at 200 ◦C.

a comparison of the contact surfaces of the bushings shows that no large 
flake-like material adhesions and wide abrasive furrows dominate, 
which are produced by agglomeration and deformation of the debris in 
normal bushings. Instead, the small, oxidised, individual wear particles 
are removed directly from the contact area, leaving mainly narrow 
abrasive furrows on the surface of the bushing. Accordingly, the low 
oxide layer thickness in the XPS results (Fig.  24) can be explained, as 
no oxidised and agglomerated wear particles from the third body are 
incorporated into the bushing surface with grooved bushings. Conse-
quently, the mechanism of the third body was specifically prevented by 
the grooved contact geometry and the corresponding wear behaviour 
was shifted towards abrasion.

Interestingly, the tribological system with a grooved bushing re-
acts significantly to the change of surrounding atmosphere, whereas 
normal bushings show no difference. In exhaust gas, the wear of the 
grooved bushing decreases significantly and is accompanied by a slight 
reduction in the coefficient of friction. Based on the XPS results, which 
show an increase in the carbon content in the area near the surface, 
it is assumed that the graphite present in the material and the soot 
introduced by the exhaust gas acts as a lubricating medium. Particularly 
in the abrasive wear mechanism of the grooved bushings, the carbon 
can develop its wear and friction-reducing effect through the formation 
of an amorphous carbon layer [40]. In normal bushings, the relative 
movement of the contact bodies mainly takes place through rolling of 



T. König et al. Wear 570 (2025) 206001 
Fig. 25. Comparison of tribological results between system test and already published model test [6], wear rate [10-6 mm3/(Nm)] of the shaft/plate and bushing/cylinder shown 
by orange circles and yellow cubes in the left diagram, energetic coefficient of friction shown by blue diamonds corresponds to the right diagram, markers represent the mean 
value and scatter bars the standard deviation of three independent tests.
the wear particles in the third body. A higher carbon content and its 
lubricating effect have only a minimal influence on this. This finding 
confirms the important role of the third body as a wear mechanism and 
guarantees an atmosphere-independent wear behaviour with low wear 
rates in the application.

4.2. Comparison with model test

The discussed results were generated using a self-developed test 
setup that optimally reproduces the load conditions and contact geome-
tries of the application. The same material pairing has already been 
tribologically characterised in depth with a model test and published 
in [6]. The following discussion focuses on how a change in the 
contact geometry and individual load conditions affects the tribological 
material behaviour.

Diagram 25 compares the wear and friction values of the system test 
with those of the model test from [6]. Due to different test durations 
and normal forces, wear rates are shown instead of wear volumes.

When comparing the wear rates quantitatively, the wear level of 
the model test is six times higher. There are two factors that differ 
between the tests and are potentially responsible for the different wear 
levels. On the one hand, significantly different contact pressures occur 
(initial Hertzian pressure: model experiment: 174MPa at 50N; system 
experiment: 30MPa at 240N), which are not compensated by the 
different normal forces in the calculation of the wear rates. On the 
other hand, the contact geometries differ: in the model experiment, the 
circumferential surface of a cylinder is in contact with a plate, while 
in the system experiment a shaft rotates in a bushing. Therefore, an 
open contact geometry in the model experiment contrasts with a closed 
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contact geometry in the system experiment, which could influence 
the interaction with the surrounding atmosphere. The geometries also 
result in different scenarios for the ejection of wear particles out of 
the contact area, which is an important influencing factor according 
to [22]. With the open model geometry, an ejection of wear particles is 
particularly likely in the direction of movement, as the contact area 
is very small compared to the stroke, and it is also not realistic for 
the particles to re-enter the contact zone. However, ejection is also 
possible perpendicular to the direction of movement. Although the 
closed system geometry allows particles to be ejected in the direction 
of movement, the circular shape of the bushing is likely to keep the 
particles in the contact zone due to gravity. Consequently, final and 
complete particle ejection is only possible at perpendicular to the 
movement, i.e. at the faces of the bushing.

When qualitatively comparing the wear behaviour over tempera-
ture, the results of both test methods are comparable. At room tem-
perature the wear is at a medium level, between 100 and 400 ◦C 
a severe wear regime occurs with a maximum at 200 ◦C and above 
500 ◦C the wear reaches a minimum level due to the formation of a 
glaze layer. The temperature-dependent mechanism changes are there-
fore comparable for both experiments. However, the influence of the 
atmosphere on the wear is different. The model experiment shows 
slightly lower wear values for the severe wear range (100 to 400 ◦C) 
in a CO2/N2/O2-atmosphere compared to air; no differences between 
the exhaust gas atmosphere and air were observed for the system 
experiment. However, in the high temperature range at 700 ◦C, the 
system experiment in exhaust gas leads to a jamming of the shafts due 
to adhesion, accompanied by higher wear. This phenomenon was not 
observed in the model experiment.
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Fig. 26. Wear rate of grooved bushings at 200 ◦C in comparison with standard ones 
in the system test and already published results of the model test [6], wear volume 
[mm3] of the shaft and bushing shown by orange and yellow bars, bars represent the 
mean value and scatter bars the standard deviation of three independent tests.

In addition to the comparison of the wear values, the tribological 
mechanisms dominating in the respective temperature range should 
also be regarded. At low temperatures around 200 ◦C, adhesive material 
transfer to the hard chrome-plated contact bodies is dominant for 
both experiments. The cast cylinder of the model test shows abrasive 
furrows and sporadically adhering oxidised debris. In contrast, the wear 
surface of the cast bushing is characterised by a higher amount of 
adhering wear particles, which appear to be plastically deformed and 
form scale-like structures. The wear mechanisms at 400 ◦C are basically 
comparable to those at 200 ◦C, the adhering wear particles on the 
bushing and cylinder show more layer-like structures. At 600 ◦C, a glaze 
layer is present on all contact bodies, although it is significantly more 
homogeneous and more extensive in the system experiments than in 
the model experiments. A glaze layer also forms in the experiments 
at 800 ◦C. The cast bushing of the system test is strongly impacted by 
the onset of oxidation. The cast cylinder of the model test shows this 
behaviour less clearly, whereby it is not heated directly and reaches 
slightly lower temperatures.

The frictional behaviour differs significantly between the two ex-
periments, although the same method of calculating the energetic 
coefficient of friction was used. Only the decrease starting at 700 ◦C 
due to the formation of Fe2O3 in addition to Fe3O4 is comparable for 
both experiments.

Accordingly, the results show no direct correlation between the 
model and system experiment. To investigate the question whether 
the different pressures or the different particle ejection conditions lead 
to the previously discussed differences between the experiments, the 
results of the grooved bushings are now included in the discussion. For 
this purpose, the wear rates at 200 ◦C under different atmospheres for 
the model experiment, the normal system experiment and the system 
experiment with grooved bushings are compared in Fig.  26.

Wear rates were determined with grooved bushings that are close 
to the level of the model experiment. A specific amount of the wear 
volume of the grooved bushing is certainly caused by the plastic 
deformation and dislocation movement due to the shear forces, which 
demonstrably lead to a narrowing of the grooves. However, it should 
be highlighted that the wear mechanisms between the experiments are 
significantly aligned. There are no scale-like structures due to adhering 
and plastically deformed particle agglomerations visible on the grooved 
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bushings; only a slight adhesion of debris dominates comparable to 
the model experiment. Furthermore, with grooved bushings, the same 
atmospheric effect as with the model experiment can be observed with 
a reduction in wear. The lower oxidation of the graphite that is present 
in the material and the possible presence of soot supports their friction 
and wear-reducing effect for dry material contacts.

Due to the identical wear mechanisms, a comparable atmospheric 
influence and higher wear rates for the model experiment and the 
system experiment with grooved bushings, the non-forming third body 
is assigned a significant role as a wear mechanism. This particle bed as 
third body only occurs in the system experiment with normal bushings, 
where the geometry hinders particle ejection. Following this, the con-
tact geometry and, especially, the ejection and re-entry probability of 
wear particles is a significantly important influencing factor for unlu-
bricated, tribological systems. The different contact pressures between 
the experiments only have a subordinate role as an influencing factor. 
The geometry-based differences and the corresponding dominant wear 
mechanisms are summarised schematically in Fig.  27.

Consequently, it can be stated that the determined wear rates and 
the atmospheric influences between the model experiment and the sys-
tem experiment do not directly correlate, due to different tribological 
mechanisms. The low temperature regime of the model experiment is 
characterised by light abrasion whereas the system experiment builds 
a particle bed as third body. With a higher particle ejection due to 
a grooved system contact, it was shown that the third body was 
effectively prevented, leading to transferable wear mechanisms and 
atmospheric influences to those of the model test. Both initial exper-
iments are only comparable in the high temperature regime, where the 
formation of the glaze layer dominates.

4.3. Integration into the scientific context

The wear-reducing effect of third bodies on unlubricated contacts 
has already been demonstrated in many publications [41–46], and the 
resulting particle beds have also been analysed in detail in some cases. 
For example, Gasser et al. in [47] determined a decrease in wear with 
increasing thickness of the third body. The reduction in wear was 
attributed to a change in particle movement, as the increasing thickness 
of the particle bed results in an enhanced rolling movement of the 
abrasive particles. However, wear also decreases due to the reduction 
of direct interaction between particles and contact surfaces by a third 
body [48]. Furthermore, the shear force acting on the material surfaces 
is also reduced by a third body, as localisation occurs in the third 
body [45,49]. This effect also reduces wear. The addition of oxide 
particles consisting of Fe2O3 and Fe3O4 to the contact system also led 
to a reduction in the wear level [50], with comparable results being 
obtained for both oxidation states.

The interaction of the particles within the third body also influences 
the wear mechanism and rate. Depending on the particle cohesion, 
granular accumulations, particle compaction or plastically deformed 
material deposition can occur and cause different degrees and depths 
of stress in the base material [51–53]. However, the particle shape 
and size also influence the interaction within the third body and thus 
the wear [43]. In the context of particle size, some studies [42,54,55] 
report a mutual dependence with surface roughness. The theory was 
developed that if there is a large size difference between particles and 
asperities, the small particles are easily trapped by the roughness peaks. 
However, the contact-separating effect of the particles increases with 
their size, which means that the particles must be larger than the 
asperities for effective wear reduction.

The influence of different contact areas on the formation of a third 
body has already been investigated in several studies [1,42,56]. A 
decrease in wear rates was observed with a larger contact area and 
explained by the decrease in particle ejection. In addition to the contact 
area, the geometry also has an influence on the third body. In open 
contact systems, re-entry into the contact zone rarely occurs after 
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Fig. 27. Comparison of contact geometries with resulting atmosphere dependent tribological mechanisms.
particle ejection, whereas in closed systems this is highly probable, 
making a more pronounced third body to be expected [22].

However, the length of the possible particle ejection paths should be 
seen as a decisive factor influencing the formation of a third body [42,
56,57]. Baydoun et al. [57] used grooved sample bodies to investigate 
in depth how different directions of movement in combination with 
different contact widths affect a fretting contact. It was shown that 
mainly the particle ejection path in the direction of movement and the 
displacement 𝛿0 influence the third body, the path perpendicular to the 
direction of movement is less important. These results are consistent 
with the findings of Hintikka et al. [44], who introduce different 
numbers of slots into a ring-plate contact. The wear increases with 
decreasing length of the particle ejection path or with an increasing 
number of slots.

In the field of abrasion, significant differences in wear rates are 
also known depending on the movement pattern of the abrasive par-
ticles [41,47,58–60]. The particles either roll off with a corresponding 
reduction in wear [48,61,62] or slide with a high level of wear. This 
change is directly influenced by the mobility of the particles or the 
contact pressure [59]. When the hard particles roll off, characteristic 
indents are typically observed [58,59], which were not visible in any of 
the shaft-bushing tests presented here. Furthermore, very hard particles 
are used for abrasion tests, whereas the present tests involve wear 
particles that have a similar oxidation state to the surfaces of the 
contact bodies. For this reason, it is doubted that the wear-reducing 
effect of the third body observed here can be explained entirely by a 
change in the particle movement pattern as found in abrasion tests.

Instead, it is assumed that the different contact geometries are 
responsible for the differences between the model and system tests. 
With the grooved bushings, it is clearly shown that not the different 
contact pressures, but mainly the different particle ejection paths cause 
the formation of a third body and thus significantly change the wear 
behaviour. Consequently, in order to maximise the transferability of 
the test results, the contact geometry from the application should be 
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reproduced in addition to the load and atmospheric conditions (see 
Fig.  28). Besides contact conformity and opening, particular attention 
should be placed on comparable particle ejection paths in the direction 
of movement.

5. Conclusion

This study examines the temperature-dependent tribological be-
haviour of an austenitic cast iron paired with a hard chromium-plated 
hot-working steel in a shaft-bushing configuration at temperatures 
up to 800 ◦C. By comparing the determined wear characteristics and 
results with those of a model experiment [6], the influence of the 
contact geometry was evaluated. The following new findings were 
obtained:

• In the high temperature range, a comparable wear behaviour 
was determined in both experiments, characterised by a wear and 
friction-reducing glaze layer.

• In the low temperature range, differences between the exper-
iments are evident. The model experiment is dominated by the 
adhesion of the cast iron and slight abrasion. These wear charac-
teristics were also observed on the contact surfaces of the system 
experiment. But here they are superimposed by a particle bed as 
a third body, resulting in a wear reduction by a factor of six.

• The geometry-based formation of a third body in the system test 
was prevented and its existence verified with grooved bushings, 
enabling increased particle ejection. Without third body, signif-
icantly higher wear rates were determined, which correspond 
roughly with the ones of the model experiment.

• Atmospheric effect: In the model experiment, a slight reduc-
tion in wear and friction was observed in an exhaust gas-like 
atmosphere. The system experiment showed no changes in ex-
haust gas compared to tests in air. Again, the grooved bushings 
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Fig. 28. Influencing factors on a tribological system, categorised into general, environ-
mental and operating conditions, as well as contact geometry.

proved that the third body is responsible for the atmosphere-
independent behaviour. Without this particle bed, the same re-
sults were achieved as in the model experiment, which were 
attributed to the lubrication by graphite and soot.

It was demonstrated that the contact geometry and, in particular, the 
particle ejection have a significant influence on the wear behaviour, the 
tribological mechanisms and the atmospheric effects. To enable trans-
ferable results to the application, comparable contact geometries must 
be ensured in addition to the general, operating, and environmental 
conditions (cf. Fig.  28).
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