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Test results are presented which document the surface mutation of a bearing raceway of an axial bearing during
passage of electrical current and operation in the mixed friction area. For the investigation of this matter, a combined mechanical and electrical load is applied to axial bearings of type 51208. For these experiments, the axial
test setup of the modified four ball Apparatus, developed in the research project FVA 650 II, is used. The tests are
interrupted at specific times and the raceway surface is measured. Therefore, the surface is first cleaned from the
lubricating oil by means of an ultrasonic bath. The surface measurement is performed with a confocal microscope
at four pre-defined points on the bearing raceway. In order to adjust the identical measurement position for each
surface measurement a special recording piece was designed. After completion of the surface measurement the
bearing raceway is moistened with lubrication oil and installed in the test bench for further testing. With this
methodology it is possible to visualize and evaluate the changes of the measured bearing raceway spots over the
test period.
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from full lubrication to mixed friction. This is shown
in Figure 2 with an exemplary lubrication gap course
using a second y-axis. The changing in the lubrication
gap causes a retroactivity to the electrical system.

1. Introduction
Damages based on the passage of electric current in
rolling bearings, such as a damaged raceway or discolored lubricants, have already been observed and described by Punga and Hess [1], Fleischmann [2] and
Keller [3] since 1907. Based on these works, constructive measures could be developed, which first eliminated the problems of rolling bearing currents. With
the increase of the use of high-frequency frequency
converters and the associated increased occurrence of
variable-speed drive concepts, undesired bearing currents occurred again (i.a. [4], [5]). The reason why
these kinds of problems occur by this type of frequency converters is due to the typical steep voltage
edges in combination with unfavorable grounding concepts. This leads to the fact that the in [1] described
damages occur once again i.a. [6-8]. Figure 1 visualizes a selection of observed damages of bearing raceways and the used lubricant, as described and researched by a couple of researchers [9-13]. This shows
the effect of the passage of electric current on the bearing raceway represented by ripples / flutings (1a) and
craters (1b), as well as damaged lubricant through oxidation (1c) and discoloration (1d). Here, especially
the interaction between the tribological system, defined by the lubricant and the friction condition, and
the electrical behavior defined by it plays a decisive
role.
The causal relationship between the lubrication condition in a rolling bearing and the kind of resulting rolling bearing current occurring was shown from Radnai
in [10] and can be visualized and described clearly in
figure 2.
There is a dependency between the amount of the occurrence of discharging currents, so-called EDM currents (electric discharge machining), per second, and
the temperature is shown. A further boundary condition by that diagram is that the loaded bearing DL link
voltage is constant. By increasing the temperature in
the test system, the lubrication gap will be reduced,
therefore the bearing changes its friction condition

a)

b)

c)

d)

Figure 1: Damages based on electrical bearing currents a)
Ripples / flutings b) grey frosting / craters based on electric
discharge machining (EDM) c) oxidized lubrication grease
d) discolored lubrication grease

By a high gap along with a full lubrication film, the
lubricant works like an isolating capacitor. That means
that the capacitor the impressed common-mode voltage, characterized by the charging of the capacitor by
three voltage impulses followed by three discharging
impulses with identical height, can completely hold in
the lubricating film. By increasing the temperature, the
lubrication gap decreases and so the lubrication film,
regarded as the capacitor, is not able to hold the applied
voltage completely. This circumstance results in discharging currents in the form of sparks between the
raceway and the rolling element. This behavior can be
shown in the fact that the three-step build-up of the
common-mode voltage is not possible and the voltage
collapse during
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Figure 2: Exemplary illustration of the number of discharge currents (EDM) per second in case of lubrication gap variation
due to temperature increase at constant test voltage and illustration of the so defined electrical state and the resulting current
/ voltage curves

area, the supporting contact area, and the effective contact area [19]. The differences between these areas are
visualized in Figure 3 a). The inequality between the
apparent contact and the supporting contact area depends on the point of view of the surface structure. The
assuming of ideal plain contact partners leads to the
apparent contact area, considering the real roughness
of the surface results in the supporting contact area.

the build-up. As a result of the breakdown, a bearing
current occurs. A further reduction of the lubrication
gap leads to an operation of the rolling bearing in
mixed friction conditions. From the electrical point of
view that condition means that the bearing can no
longer be described as a capacitor as it is not able to
hold the DC link voltage. Instead the voltage flows
purely ohmic over the in touch coming roughness
peaks. A voltage-build-up as described before is not
possible in this condition.
Furthermore [15] could show that a similar graph (corresponding to Figure 2) could be generated by constant
temperature and thus a steady lubrication gap height.
Therefore, the applied voltage in the system was varied
and the electrical system was described by a complex
electrical resistance, the impedance. This allows an assessment of the electrical behavior of the resistance
(inductive, ohmic, capacitive) via the phase angle. Independent of that, based on the given operation point
in combination with the established tribological condition, different kinds of damages can occur more frequently, such as:
• Crater formation [6], [9], [10], [16]
• Ripples [11], [12], [17]
• Changes in the lubricant [6], [9], [10], [13]

a) contact area

b) current flow

which have been investigated in various publications.

Figure 3: Different parts of the contact resistance a) kinds of
contact areas b) current flow throw the constriction resistance

The following researches have set the focus to an operation in mixed friction and an associated predominant or pure ohmic behavior of the bearing currents.
Conform to Radnai [10] EDM discharging is not to be
expected. The resulting effects of the additional electrical energy contributed to the system by the passage
of electrical current are investigated on the basis of
changes in the roughness parameters of the raceway
surfaces. Significant for this is in addition to the applied voltage and the discontinuing current, the ohmic
contact resistance [18]. This is closely related to the
differences between the contact surfaces of contact.
Therefore is a difference between the apparent contact

The electrically effective contact surface is a part of
the supporting contact surface and ultimately means
the electrically active conductive part of the surface
(so-called A-spots). The difference between the electrically effective contact area and the supporting contact area is caused by the existence of impurity layers
(such as oxidations) on the surface [20]. This leads to
a reduction in the electrical conductivity of the contact
partner. By considering these, the actual contact resistance is an addition from the surface contamination
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Furthermore, as a reference test, only mechanical load
was applied to estimate the mechanically caused wear
of the surfaces. After that, tests were carried out at
three different voltage levels (table 1) and a constant
switching frequency.

resistance based on impurity layers and the constriction resistance. The visualization of the constriction resistance is shown in Figure 3 b). This resistance is evoked due to the roughness in the contact
zone and the resulting constriction of the streamlines
at the electrical transition between the two components
[19]. On the basis of the described electrical properties,
corresponding effects on the real surface structure are
to be expected, which could be detected and observed
during the test period.

2.1. Mechanical design and boundary conditions
Test bench description
For the following investigations, a model system test
rig developed in [13] with the designation GESA
(Gerät zur erweiterten Schmierstoffanalyse) was used.
This is a test bench adapter, which can be mounted in
the test space of a common four-ball apparatus. With
this component, shown in Figure 5, an axial rolling
bearing can be loaded with a combined electrical, mechanical, and/or thermal load. This test bench has been
used for various tests in the context of lubrication examination in combination with mechanical and electrical loads i.a. [13], [15], [17] and [20].

2. Methodology and experimental setup
The goal of the presented experimental series is to
show and document the influence of the passage of
electrical currents to the surface mutation on the raceway of the tested rolling bearing during the experimental period. A further boundary condition is, that the
experiment is carried out in the tribology state of
mixed friction, so it can be assumed, that only ohmic
currents will occur (cf. Figure 2). As a test sample, an
axial rolling bearing of the type 51208 (40/68/19) with
14 rolling elements is used. The test samples are
loaded with combinations of mechanical (Chapter 2.1)
and electrical (Chapter 2.2) loads in a modified fourball apparatus, the so-called Gerät zur erweiterten
Schmierstoffanalyse short GESA (developed in [13]
first results in [15] and [21]). The principle test sequence is shown in Figure 4. At predefined test points,
the experiment will interrupt and the axial rolling bearing will be disassembled from the test rig to measure
the surface with a confocal microscope (Chapter 2.3).

Figure 5: Functional module Gerät zur erweiterten Schmierstoffanalyse GESA a) mounted in the four-ball apparatus (1
driving motor / 2 GESA / 3 housing / 4 axial load punch) b)
sectional view of GESA (1 distributing ring / 2 driving shaft
/ 3 centering ball / 4 shaft / 5 housing / 6 tested bearing / 6a
rotating ring / 6b rolling element / 6c stationary ring / 7
bearing ring holder)

Figure 4: Visualization of the test cycle

With a frictional connection, the driving shaft (b 2)
will be connected to the driving motor (a 1) of the fourball apparatus. The shaft (b 4) is driven by the driving
shaft (b 2) over a form closure bygone the distributing
ring (b 1). Over the centering ball (b 3) the shaft (b 2)
will be centered in its radial direction. By means of a
circular line contact defined by the centering ball (b 3)
and tapered locating holes on the drive shaft (b 2) and
the shaft (b 4), a low-vibration operation of the system
is realized. The tested bearing (b 6) is mounted by
press fits between the shaft (b 4) and the rotating ring
(b 6a), and between the bearing ring holder (b 7) and
the stationary ring (b 6c). The distributing ring is an inhouse development with up to six distribution channels
due to its modular construction (in Figure 5 b 1 five are
shown). This is connected to the shaft (b 3) via a flange
screw connection. The lowest channel of the distributing ring (b 1) is directly electrical connected over the
shaft with the rotating ring (b 6a) of the tested bearing
(b 6). Thus the electrical load has to be imprinted via

The sample will initially be cleaned up from corrosion
protection by an ultrasonic bath with isopropanol.
Based on this, the surface is measured in its new state
with the confocal microscope. After that, the bearing
raceways will moisten with the lubricant, assembled to
the test rig and the test run can be started. After a predefined time, the experiment will interrupt again, the
axial rolling bearing disassembled, degreased from the
lubricant, and remeasured at the confocal microscope.
Then the raceways will lubricated with new lubricant,
assembled to the GESA and the experiment continued.
To make sure that during the whole testing period always nearly the same surface section is measured with
the confocal microscope over, a sample holder was
constructed which arranges and positions the sample
to the used microscope (cf. Chapter 2.3). The cycle described here was carried out in the rhythm of 2h / 2h /
2h and 16 h over a total duration of 72 h.
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this channel in the form of the defined voltage - time
signal. Furthermore, over this channel a measurement
of the bearing impedance is possible, too. The resulting
current path results from the contacting and insulation
of the individual components to each other over b 1 
b 4  b 6a  b 6b  b 6c  b 7  ground. The other
components of the GESA are isolated from the current
path, by synthetic and ceramic materials. At the GESA
the force (0 up to 12 kN), the rotation speed (100 up to
6000 rpm), and the temperature (-10 °C up to 120 °C),
of the shaft (b 4) and the bearing ring holder (b 7) can
be varied.

to the test bearing can varied independently of each
other. These variable electrical parameters are the DC
link voltage (up to 60 V), the switching frequency (up
to 50 kHz), and the basic electrical frequency of the
pulse width modulated voltage (up to 100 Hz). With
this system, it is possible to apply different bearing
currents independently of the mechanical boundary
conditions to the test object.
Table 1: Electrical test matrix including classification parameters for the electrical load

Mechanical load
With the modified four-ball Apparatus an axial mechanical load of 2400 N and a rotational speed of 1000
rpm is applied to the axial bearing. That results in a
maximum Hertzian pressure of ~1260 MPa with a
Hertzian contact area of 0.19 mm² on the raceway surface. In combination with the used lubricant, these
conditions lead to an operation of the rolling bearing
under mixed friction. In this case, the bearing conducts
the current purely ohmic.
Lubricant
For lubrication, the non-additive mineral oil OF1.1
(density 0.887 g/cm³, kinetic viscosity 372.3 mm²/s
both at 20°C) from the research project FVA 650 II
[13] was used. It was selected because strong interactions between the test oil and the surface, as can be expected with an additivated high-performance lubricant,
should be avoided. The reason for this approach is, that
the influence of tribological active layers to the contact
resistance, especially to the surface contamination resistance, should be minimized. This ensures that the
influence of the lubricant on the surface mutation is
further reduced. Based on this, an investigation of the
surface mutation is possible and dependence of the additives in the lubricant is largely excluded.

L6 20 V

L3 40 V

L1 60V

Bearing DC link voltage / V

20

40

60

Bearing voltage / V

3.3

6.6

10.0

Bearing current / A

0.2

0.4

0.6

Bearing current density / A/mm²

0.075

0.15

0.225

Bearing apparent
power / VA

0.66

2.64

6

For all the following experiments, a switching frequency of 10 kHz with an electrical basic frequency of
50 Hz was for all selected. The bearing DC link voltage was constant during one test run per test object and
was varied between 0 V / 20 V / 40 V and 60 V. The
resulting bearing voltages and bearing currents are
summarized in Table 1. Furthermore, the usual evaluation parameters for the electrical bearing load such as
the bearing current density conforming to [7] and the
bearing apparent power according to [12] are given for
the respective load levels.
L3 40 V

L1 60V

Voltage / V

L6 20 V

Current / A

2.2. Electrical system
Generally, the electrical loads applied to the rolling
bearings, are mainly defined by the combination of the
driven electric motor with his corresponding frequency
converter [6], [7]. By the presented test bench, the
electrical voltages and currents from the driving system (Figure 5 a 1) are isolated from the tested bearing.
At the Institute of Machine Elements, Gears, and
Transmissions (MEGT) at the Technical University
Kaiserslautern a series of synthetic frequency converters are available for imposing the electrical bearing
load. These are developed and well-tried in the context
of the research project 650 I [22] sponsored by the Forschungsvereinigung Antriebstechnik (FVA). The synthetic frequency converters are not used to control the
driving asynchronous machines, but they generate variable bearing currents that can be applied directly to
the test bearing. By using this methodology, it is possible to vary the mechanical and electrical load on the
test object independently of each other. In contrast to
a real asynchronous motor, the applied electrical loads

Figure 6: Reached bearing voltages and bearing currents
per test series for a voltage build-up

The resulting bearing voltages and bearing currents are
visualized for one voltage build-up in Figure 6.
2.3. Surface measurement
A confocal microscope from the company µsurf is
used for the measurement of the defined surfaces of the
test objects. In contrary to an optical microscope,
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3. Results and discussion

whick completely illuminates an object as uniformly
as possible, a confocal microscope focused the illumination only to a small observing point [23]. To measure an area instead of a point, the so-called Nipkowdisk is used. These disks consist of a hole matrix,
which is placed in such a way that the scattered light is
not superimposed. Furthermore, a camera is used instead of a simple sensor. By fast rotation of the Nipkow-discs, a flicker-free image can be recorded. Individual focus images are created by varying the distance
to the surface. These single images will then be combined to a full parametric 3D-surface. The vertical
traverse path must be at least large enough to cover the
area from the lowest to the highest point of the surface
to be measured [24].
The editing and finishing of the measured surfaces are
done with the commercial software MountainsMap ©
(a product of the company µsurf too). In this step, the
system first searches for so-called artifacts, such as reflections or strong measurement deviations of the surface measurement, and eliminates them by means of
interpolation. Based on this, the shape is then separated
from the roughness for further evaluation. So a plane
is created with the superposition of the roughness with
the waviness without the shape of the raceway.
a)

Based on the previously presented methodology in
combination with the presented test benches, the results of the test series are presented and discussed below. The following two lists represent a short compact
repetition of the mechanical and electrical boundary
conditions used for the experiments.
Mechanical load (constant)
• Axial load:
2400 N
• Rotational speed
1000 rpm
• Hertzian pressure:
1260 MPa
• Hertzian contact area:
0,19 mm²
Electrical load (variable)
• Bearing DC link voltage:
• Bearing voltage:
• Bearing current:
• Switching frequency:

20 V / 40 V / 60 V
3,3 V / 6,6 V / 10 V
0,2 A / 0,4 A / 0,6 A
10 kHz

At this point it should be mentioned again that a reference test was first run under pure mechanical load, on
the basis of which the results from the combined mechanical and electrical loads can be compared and classified.

b)

3.1. Typical surface parameter
For a first overview, common surface parameters like
• the mean arithmetic height / Sa
• the average square height / Sq
• the maximum height / Sz
where calculated with the analyzing software MountainsMap, based on the measured surfaces with the
used confocal microscope in combination with the developed sample holder. The results of this examination
over the testing period are shown in Figure 8. The
highlighted points and squares illustrate the real measurement points during the test period. To these moments the experiment was interrupted and conform to
the visualized test methodology shown in Figure 4
(dissemble  degreasing the stationary ring  surface
measurement  greasing à assemble  start the next
cycles) was carried out.
It can be seen in Figure 8 a), that under pure mechanical loads the mean arithmetic height Sa and the average square height Sq are nearly constant over the testing period. Based on the selected mechanical load
level and under consideration of the short experiment
duration (72 h) such a course of the surface parameters
can be expected by the pure mechanically loaded reference test.

Figure 7: Surface measuring equipment a) confocal microscope with positioning stage which the sample is placed b)
sample holder with visualization of possible measurement
points

To ensure a better comparison of the roughness at different recording times it is necessary to observe nearly
the same surface area on the raceway over the entire
testing period. For this function, a sample holder was
developed, which positiones and aligns the bearing
rings to the confocal microscope. After the alignment
of the sample holder at the positioning stage of the confocal microscope, the sample is exactly positioned.
This makes it possible to observe the identical surface
cutout via automated measuring programs. This device
positions the bearing ring over a flat surface and a contact point. Also, the bearing ring is fixed in the sample
holder by a spring-loaded pressure element. To clearly
define the position, an approximately 1 mm deep circular segment on the outer diameter of the bearing
rings is removed by machining, thus creating a plane
surface based on which positioning can be carried out.
The measured area of the subsequently examined surfaces is 800 µm x 800 µm, by using an objective with
twentyfold magnification. The area of the measured
surface is defined by 512 x 512 data points.
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the calculated surface parameters. Thus, it can be assumed that there is only a little interaction between the
methodology of the experiment and the results of the
surface measurement.
Even in this form of analysis, it can be assumed that
the surfaces are smoothed as a result of the passage of
electric current through the bearing. This effect can be
observed more detailed by considering the temporal
evolution of the histograms of the surface height distribution, shown in the next chapter.
3.2. Surface histograms and contour plots of the
surface highness
Building on the previous consideration, more detailed
analyses are performed in this chapter. Therefore the
influence of the different electrical load levels to the
surface mutation will be analyzed and visualized with
contour plots. In addition to that, histograms of the surface heights are given too.
Furthermore, an estimation of the surface temperature
in the contact area will be done. This estimation is
based on electrical surface mutation and the calculated
required temperature to deform the roughness in such
a manner.
Contour plots
Figure 9 shows the contour plots of the surface heights
to selected measure points for the pure mechanical
loaded reference test run (L7 –V) and the contours of
the experiment with the applied bearing DC link voltage of 60 V (L1 60V). First of all, it should be pointed
out again that in the case of the visualized surfaces, the
shape of the raceway was filtered and the microscopic
image was taken on the raceway. For better comparability, the median plane of roughness is used as a reference plane in the figures. Thus several things can be
shown from Figure 9. On the one hand, the function of
the positioning device (Chapter 2.3) can be demonstrated because characteristic surface structures can be
observed over the entire test duration and the associated mutations on the raceway can thus be described.
Over this, the difference in the roughness characteristics between the two tests is clearly visible. The contour plots of the pure mechanical reference test show
only small changes in the surface structure and the
roughness heights. Compared to that, the results of the
L1 60 V experiment, the roughness is reduced significantly (compare Figure 9 L7 –V to L1 60 V at 72 h)
and it seems that the forming apparent contact surfaces
are more planar.
Apart from this, during the experiments, the typical
EDM craters on the measured surface cutouts could
not be detected. That indicates an operation in mixed
friction on the selected mechanical boundary conditions.

Figure 8: Changing of selected surface parameter over the
testing period with highlighted measurement points, naming
conform to table X (a) Sa / mean arithmetic height b) Sq /
average square height c) Sz / maximum height)

By adding an electrical load, Sa and Sq (Figure 8 a and
b) changes at the very beginning and is on a constant
level for the rest of the period. Both of those values
decrease more than under the pure mechanical load.
This behavior occurs independently of the electrical
load level. A clear dependency between the amount of
the applied bearing voltage and the arisen surface parameter cannot be detected by this kind of evaluation.
The examination of the parameter Sz fluctuates very
strongly over the test time. For an assessment of the
electrical influence on the surface change, this parameter seems to be of little significance. The cause of this
can be shown by the definition of the surface parameter Sz itself [25]. It is calculated as the length between
the lowest surface point and the maximum of the profile. This makes this parameter very disturbing and
susceptible to scattering which can also be observed in
the evaluation. Furthermore, it can be monitored, that
there is no significant influence of the duration of the
test cycles (comparing the difference in changing the
surface parameters between a 2 h run to a 16 h run) to
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6h

24 h

72 h

L1 60V

L7 –V

2h

Figure 9: Conform to Chapter 2.3 revised surface contour plots (i.a. shape filter) at selected measurement points for nearly
the same surface cutout for pure mechanical (L7 –V) and an exemplary combined mechanical electrical load (L1 60V)

Furthermore, it seems the range in which the data
points are located is also reduced. The range corresponds with the surface parameter Sz. In the progression of the Sz parameter (see Figure 8) this behavior
cannot be detected as clear as in the histograms of the
load cases. The reason for this is that al-ready one outlier can cause noise to the maximum height. Furthermore, from the range paired with the variance, it can
also be shown that no EDM induced craters are present
on the surfaces. These craters would lead to strong outliers on the edges of the histograms, but these are not
visible in the figures. Based on these observations, the
pure operation in mixed friction can still be assumed.
A clear tendency between the height distribution and
the applied electrical load cannot be deduced from the
histograms either. As expected, the observed effects of
the surface mutation are least pronounced by the lowest electrical load level (L6 20V). This effect can be
shown most clearly by clustering the data points
around the center plane of the height distribution according to Figure 10 L6 20V 6h / 24h / 72h. This is
more distinctive at L3 40V than at L1 60V and L6 20V.
Thus, the smoothest surface is achieved with L3 40V.
By consideration of the nearly same initial surface distributions (compare Figure 10 L3 40V und L1 60V
booth at 2h) of the test cycels L3 40V and L1 60V it
seems, that this behavior based on the higher electrical
load level by L1 60V is physically illegitimate. Possible other reasons, instead of the differences in the initial surface distribution, for this divergence, are influencing parameters to the contact resistance in the contact between the bearing rings and the rolling elements.
This is mainly due to different concentrations of nonconductive elements (e.g. oxides) on the surface and
the resulting higher impurity film resistance.
To get more information about the influence of the impurity film resistance to the surface mutation, it is necessary to analyses the chemical elements on the surface
in more detail. This is the subject of further research

Surface histograms
The histograms of the surface heights of the respective
test series provide further information on the surface
changes that occur. These are shown in Figure 10 for
selected points in time. As with the contour plots, the
surface data of the histograms are converted concerning the ideal center plane in order to increase comparability. All histograms of the tests with only mechanical loa d (L7 –V) show a similar shape. With increasing testing time, a small change in the variance (distribution becomes narrower) can be determined. This effect can be seen, when the surface after a testing time
of 2 hours and 6 hours is compared. This results in a
reduction of data points in the range of about 1 µm.
The reason for this is the plasticizing of the highest
roughness peaks and shows a typical running-in of a
bearing raceway. Again, these data serve as a reference
for further consideration of the influence of the passage of current in mixed friction.
When viewing the histograms of the mechanical-electrical test series, the histogram of the series L6 20V at
2h has to be regarded first. There, an incorrect surface
measurement with the confocal microscope happens at
the specific evaluation point. That is the reason, why
the shown data points are strongly noised in such a
manner that a reconstruction of the measured surface
was no more possible. An influence on the following
measurements can be excluded, based on the further
course of the surface parameters like Sa and Sq (Figure
8) and the histograms (Figure 10) of the specific test
series (L6 20V). But for the sake of completeness, this
noisy histogram is also shown in Figure 10.
While the surface only slight changes in the mechanical reference test cycles (cf. Figure 8 a, b, c; Figure 9
L7 –V Figure 10 L7 –V), a huge difference can be seen
in the histograms of the test cycles with the additional
electrical load. The clearest effect we see throw the super-position of the mechanical load with an electrical
load is that this leads to a strong clustering of the surface heights and a significant reduction of the variance.
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6h

24 h

72 h

L1 60V

L3 40V

L6 20V

L7 –V

2h

Figure 10: Histogram plots of the surface heights based on the conform to Chapter 2.3 revised surface (i.a. shape filter) at
selected measurement points for nearly the same surface cutout for pure mechanical (L7 –V) and the combined mechanical
electrical loads (L6 20V / L3 40V / L1 60V)
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Estimation of surface temperature
The evaluations of the experiments show, that the
rolling contact surfaces get smoother and that this effect occurs as a result of the electrical current passage in an operation of mixed friction. As the main
cause of this observation, the local electrical current
heat loss that is generated by the passage of the current over the contact resistance between the contact
bodies can be assumed. This additional thermal energy leads to a reduction of the yield stress as a result
of thermal softening. This allows earlier plastic coating of the roughness peaks, resulting in a smoother
surface (compare Figure 9 and 10 at 2 h and 72 h).
As a result of the thermal softening, the contact area
will increase by the same mechanical load, and this
leads to a decrease of the contact resistance. By the
reduction of the local contact resistance, less current
heat loss will occur [18]. Both of these effects, the
increase of the contact area by additional thermal energy and the decreasing of the contact resistance
whereby less current heat loss occurs, leading to
thermal, electrical, and mechanical equilibration of
the surface mutation.
Based on that assumption as a result of the observation of surface changes, the hereby introduced heat
energy could be estimated by calculating the thermal
softening which is necessary to deform the surface.
One method to calculate the softening is to use mathematical material models. A tried and tested material
model, which considers thermal effects is the Johnsen Cook material model [25]. This is an empirical
model based on experimentally determined material
parameters. The Johnson-Cook model gives an equation for the yield stress (equation 1) under consideration of three separate coupled terms.
The first one descript the influence of the plastic
strain on the yield stress. The second term takes care
of the consideration of the hardening effect by strain
rates and the last give the reduction of the yield stress
by thermal softening. A further description of this
model and the experiments that are queried in order
to get the necessary material parameters, are given in
[26] and [27].
𝜎𝜎𝐹𝐹 = �𝐴𝐴 + 𝐵𝐵𝑒𝑒𝑝𝑝𝑛𝑛 ��1 + 𝐶𝐶 ln�𝑒𝑒̇𝑝𝑝 /𝑒𝑒̇0 �� …
… [1 − {(𝑇𝑇 − 𝑇𝑇𝑟𝑟 )/(𝑇𝑇𝑚𝑚 − 𝑇𝑇𝑟𝑟 )}𝑚𝑚 ]

𝝈𝝈𝑭𝑭

von Mises yield stress

𝑨𝑨

Yield strength

𝑩𝑩

𝒆𝒆𝒑𝒑

Plastic strain

𝒏𝒏

Strain rate coefficient

𝑪𝑪

Hardening coefficient

Hardening exponent

Plastic strain rate

𝑻𝑻

Applied temperature

𝑻𝑻𝒓𝒓
𝑻𝑻𝒎𝒎
𝒎𝒎

The resulting dependence of the yield strength regarding temperature is illustrated in Figure 11. Assuming that the highest Hertzian surface pressure
(1260 MPa) leads to plastic deformation. The surface temperature must be around 600°C in order to
allow the plastification of the surfaces under the
given mechanical load. The higher local pressure
due to the rough contact compared to the Hertzian
pressure was not considered in this assumption.

Figure 11: Thermal softening of a 100Cr6 approximated
conforming to Johnsen Cook material model

4. Conclusion

Experimentally determined results of surface
changes of axial bearings under mechanical and
combined mechanical-electrical load were presented. The operation of the bearings was deliberately set to mixed friction, and based on that, EDM
currents can be avoided and only ohmic currents will
occur. During the experiments, a clear influence of
the introduced electrical load on the surface structure
of the bearing raceways can be shown.
By calculation of the arithmetic mean of the respective surface parameters from the initial states (2 h
measurement point) as reference values, the superposed electrical load leads to a change of the mean
arithmetic height Sa of 41 % up to 58 % and a changing of the average square height Sq between 38 %
and 54 %. Under consideration of the changes in the
surface parameters of the pure mechanical reference
test cycle from about 6% between the initial state and
final state the values of the combined mechanicalelectrical test cycles are a strong indicator for the
relationship between the additional electrical loads
and the occurred surface mutation. For the respective
load cases, the changes of the surface parameters are
documented in table 3. Due to the fluctuating course
of the maximum height Sz during the test cycles,
similar interpretations such as the parameters Sa and
Sq could not be made.

(Eq. 1)

𝒆𝒆̇ 𝒑𝒑

𝒆𝒆̇ 𝟎𝟎

softening coefficient is needed too. The needed softening parameters from a 100Cr6 bearing steel can
be taken form [27] and are given in the following list:
• Yield strength / A = 2033 MPa
• Environmental temperature / Tr = 20 °C
• Melting temperature / Tm = 1500 °C
• Thermal softening coefficient / m = 1.03

Applied strain rate
Environmental

tempera-

ture
Melting temperature
Thermal softening coefficient

For the following considerations, only the term describing the thermal softening is relevant. This descript the thermal softening as a function of the applied temperature, the environmental temperature,
and the melting temperature of the material. Furthermore, an experimental determination of the thermal
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Table 3: Comparison of changes in surface parameters
from initial to final state
L7 –V

Sa

Sq

Sz

L6 20 V

L3 40
V

L1 60
V
0.21

2h
72 h

0.29

0.63

0.31

0.27

0.17

0.12

0.15

change*

6%

41 %

58 %

48 %

2h

0.40

0.84

0.39

0.33

72 h

0.35

0.23

0.17

0.21

change*

6%

38 %

54 %

44 %

2h
72 h

5.11

12.50

4.86

3.90

4.15

3.20

2.28

3.99

change*

10 %

31 %

51 %

14 %

Figure 12: Grey raceway based on different electrical effects a) EDM currents b) ohmic currents

Another observation of the experimental results is,
that the transformation of the surface to a stable state
from surface mutation and applied electrical load is
lastly finished after the measurement points 6 h or 24
h. This corresponds between 216M and 864M
switching cycles of the synthetic frequency converter.
A first estimation of the local surface temperature
was made based on the relationship between the occurring electrical system in mixed friction and the
current heat losses in the contact resistance caused
therein. For this purpose, assumptions were made regarding the thermal softening of the bearing ring material, and effects such as inhomogeneous pressure
distributions based on the rough surfaces or the influence of tribological layers were deliberately neglected. Therefore it is only a first approximation
that has to be specified in more detail in the course
of further research based on the available findings.

*related to the mean value of the condition 2h without the results from L6 20V

Generally it should be noted that the calculated surface parameter are in different kind susceptible to
outliers of the measured data points [25]. This can be
shown by comparing the histograms in Figure 10 L6
20V and L1 60 V at 72 h. Both measure points have
similar values for the mean arithmetic height Sa (table 3 L6 20V / Sa = 0.17 and L1 60V / Sq = 0.15)
and the average square height (table 3 L6 20V / Sq =
0.23 and L1 60V / Sq = 0.21), but are significant differing in the clustering of the data points shown in
the respective histograms. This circumstance makes
it necessary to include the histograms in the evaluation.
It is conspicuous that no classic damages occurred
with the selected mechanical electrical load cases.
Instead of this, the surfaces get plainer than in the
mechanical reference test. This observation was
shown by using contour plots and histograms at selected test times. With these types of diagrams, the
changing of the surface parameters can be illustrated
in more detail, instead of the curves of the single parameters over the testing time. The strong clustering
of the surface data points around the ideal middle
plane becomes evident in the histograms. It can also
be concluded from the surface plots and the histograms that no EDM discharges with associated cratering on the surfaces occurred, as envisaged in the
experimental setup. With this experiment, it could be
shown that a different surface mutation occurs during operation in mixed friction than by an operation
with full film lubrication and EDM currents. It
should be noted that both, EDM discharges and
ohmic currents in mixed friction, resulting in a matting of the raceway (Figure 12 a) grey raceway EDM
b) grey raceway ohmic). The phenomenon of the
grey raceway is referred to in the technical literature
as so-called grey frosting. Differentiation according
to the electrical effect leading to it has not yet been
made. However, this seems advisable in the course
of the investigations carried out, since a similar macroscopic effect is based on two different mechanisms
and thus requires a more detailed specification. For
this purpose, it is proposed to supplement the phenomenon of grey frosting with the responsible electrical effect (grey frosting based on EDM or based
on ohmic currents).
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