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Abstract

We present an experimental and analysis workflow to characterize the tribological behavior and the wear resistance
of porous journal bearing systems operating at high loads and small rotational speeds. Our approach consists of a
laser-instrumented tribometer that allows parallel testing of five bearings, an experimental procedure that is optimized
for producing sufficient wear during mixed lubrication operation while maintaining realistic operating conditions, as
well as several methods to visualize and quantify bearing wear. The simultaneous testing of five bearings prevents
outliers from distorting the results and yields a statistical estimation of the performance variations between nominally
equivalent tribosystems. We showcase our approach by analyzing the influence of the bearing material and its porosity
on mixed-lubrication friction and wear.
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1. Introduction

Journal bearings are simple and cheap mass-production
machine elements that operate together with a matching
shaft of a drive. Porous Journal Bearings (PJBs) are pro-
duced from metal powders by sintering, and the resulting
porous structure is impregnated with a lubricant like a
sponge [1, 2]. The permanent oil circulation between the
lubrication gap and the bearing’s porous sliding face gives
them the advantage of “life-time lubrication”, i.e., they
are maintenance-free for their entire service life of up to
10 000 hours [3, 4]. Due to this and their flexibility in de-
sign, they are very often used in industrial applications
where an external supply of oil is not possible. PJBs are
overwhelmingly operated in the hydrodynamic lubrication
regime, so that the asperities of the bearing and the shaft
never touch except during starting and stopping. However,
there are several applications, e.g., in the automotive in-
dustry, such as power window lifts or windshield wipers,
where mixed-lubrication conditions apply, i.e., operation
at small rotational speeds and high loads[5, 6, 7]. Although
the friction minimum is frequently located in this lubrica-
tion regime [8], the body and the counterbody constantly
engage in direct contact, so the components are subjected
to wear. This means that the requirements to the bearing
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material as well as the lubricant are quite different from
those for hydrodynamic operation.

Much of the seminal work on PJBs was published be-
tween the 1950s and the 1980s [1, 2, 9]. However, there
have been some very recent developments regarding the
theory of PJB lubrication [10, 11] or the lack thereof [12],
as well as the effect of laser surface texturing [13] or meso-
genic fluids as novel high-performance lubricants [14] on
friction and wear performance. The wear resistance of
porous iron bearings additivated with boron nitride was
also recently studied [15]. That said, it may be stated
that literature dealing with PJBs operating in the mixed-
lubrication and/or high-wear regime is scant.

Previous studies by some of the authors focusing on the
hydrodynamic operation regime of PJBs [16] or on special
phenomena such as cold-squealing [17] have been carried
out on a dedicated porous bearing tribometer (SLPG).
However, this device can only test one bearing at a time,
and since wear tests usually run for several days, a simple
but robust device was needed that can wear down sev-
eral bearings in parallel, thus ensuring comparable oper-
ating conditions. An important benefit of this approach
is that it allows us to quantify the variance in tribologi-
cal performance and wear resistance that may result from
fabrication tolerances or small inconsistencies in bearing
impregnation or system assembly.

In this contribution, we will first give a detailed de-
scription of the custom-designed multiple bearing wear
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tribometer, with a special focus on the laser sensor in-
strumentation for reliable friction torque measurement at
higher rotational speeds. We then discuss our experimen-
tal procedure that was optimized for the acquisition of
statistically confirmed test results. Section 4 deals with
three different approaches for visualizing and/or quantify-
ing bearing wear. Finally, in Sect. 5, we present a short
study to showcase the capabilities of our experimental and
analysis framework that can be applied to rank various
combinations of bearing material and lubricant according
to their tribological properties and their wear resistance.

2. Multiple bearing wear tribometer (MSVT)

2.1. General features

To perform tribological experiments, a journal bearing
test rig (MSVT) was developed and manufactured from
scratch at AC2T research GmbH. The MSVT tribometer
provides five independent test benches for parallel testing
as shown in Fig. 1. These can be used for high-throughput
parallel screening tests with different samples and/or pa-
rameter setups on one side, or for statistically confirmed
testing with five nominally equal samples and parameter
configurations on the other.

Figure 1: MSVT wear tribometer – Configuration of test benches.

Each test bench is controlled by an individual frequency
converter that drives the associated servo motor. The
relevant technical data of the motor is listed in Table 1.
Each servo motor drives a high-precision spindle via a syn-
chronous belt. At the spindle output, the test shaft is
mounted through a jaw chuck. The journal bearing as a
counterpart is mounted in a sample holder as shown in
Fig. 2 (a).

Table 1: Technical data of servo motor.

Rated supply voltage 220 V, single phase
Nominal output power 200 W
Nominal speed 3000 min−1

Torque: nominal/peak 0.64 / 1.92 Nm

Figure 2: (a) Pendulum head with sample holder. (b) Total view
of pendulum including weight and impeller.

To apply the test load, a rod with removable weights is
connected to the sample holder through limp spring steel
strips, which also avoids edge effects in the shaft-bearing-
contact due to, e.g., asymmetric loading. Therefore, only
the translation in axial direction is constrained to avoid
axial sliding between bearing and shaft. The assembly
shown in Fig. 2 (b) will be called pendulum henceforth.
Below the weights, the pendulum rod is extended by an
impeller that is dipped into a container filled with oil in
order to damp undesired oscillations, see Fig. 3. During
testing, the bearing temperature is measured continuously
using a type K thermo-couple wire.

Two methods are applied to evaluate the friction torque,
and hence the coefficient of friction. First, for drive con-
trol reasons the frequency converter continuously measures
the electrical current that is used to power the servo mo-
tor. This electrical current is proportional to the result-
ing motor torque, which is thereby also calculated in the
frequency converter and transferred to the measurement
system through an adequate interface. By subtracting the
running idle torque (including all the parasitic losses) from
the measured signal, we can derive the remaining friction
torque. This method does not yield the highest accuracy,
but provides a suitable approximation of the tribologi-
cal conditions during long-term testing at low rotational
speeds. The second, more accurate, method measures the
deflection of the pendulum from which the friction torque
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can be derived. The laser instrumentation required for this
approach is described in detail in the following Sect. 2.2.

Figure 3: Two test benches of the MSVT tribometer in operation.

2.2. Laser sensor instrumentation

The laser measuring system is mounted above each
pendulum head on the MSVT. The system consists of
six sensors, which are arranged in the three-dimensional
space and measure the position of the pendulum head of
an MSVT test bench, see Fig. 4 (top) for a schematic ar-
rangement of the laser spots in the reference coordinate
system. Three of the sensors mounted above the pendulum
on a plane parallel to the xy-plane, measuring changes in
the vertical distance (z-direction). Two more are aligned
parallel to the x-direction at a constant distance in the
y-direction and measure the lateral displacement of the
pendulum. The last sensor points towards the front of the
pendulum and measures position changes of the pendu-
lum head along the x-direction. The used sensors are laser
triangulation sensors providing an analog voltage output
from 0 V to 5 V. This output corresponds to a measur-
ing range of 10 mm and has a resolution of 6.46 µm. The
mounting of the sensors was designed so that the installa-
tion of samples can be carried out as unhindered as possi-
ble.

In order to describe the rigid body displacement of
the pendulum in space, it is necessary to apply a rota-
tion matrix in three dimensions. To be more specific, this

Figure 4: (Top) Schematic distribution of six laser spots for deter-
mining all degrees of freedom. (Bottom) Sensor placement above the
pendulum head after reduction to three spots.

Figure 5: Forces in the pendulum and comparison between dry or
mixed-lubricated (left) and fully lubricated state (right) [19, 20].
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rotation matrix can be decomposed into three basic rota-
tions around α, β, and γ. Each basic rotation describes
a rotation about one axis of the Cartesian coordinate sys-
tem [21]. Together with the translations ux, uy, uz, the
following equation can be found:

−→
Ri(t) =

−→
R0(t)+

−→
U (t)+X(α(t), β(t), γ(t))·

(−→
Ri(0)−

−→
R0(0)

)
,

(1)
with

−→
U (t) =

uxuy
uz

 ; i = 1, .., 6;
−→
R0 =

0
0
0

 ∀t . (2)

It should also be mentioned that i is the number of
sensors, which also represents the number of degrees of
freedom. R0 is the center of the coordinate system and Ri

represents the coordinates of each sensor. Now, the time
development of all degrees of freedom can be determined
using a program routine. For the friction torque, above
all the pendulum displacement α is decisive. By taking a
closer look at the equation, it can be argued that only two
sensors would be enough to determine α. However, since
mounting these sensors perfectly aligned with the coor-
dinate system is non-trivial, the accuracy can be greatly
improved by installing sensor number three, thus spanning
a plane in space. Considering this, the matrix is reduced
to ∆z1

∆z2
∆z3

 =

1 y1(0) −x1(0)
1 y2(0) −x2(0)
1 y3(0) −x3(0)

uzα
β

 , (3)

in matrix notation

∆X = K U . (4)

U now consists of the translation in z-direction and the
displacements α and β, which are different from the ones
in Eq. (1), and provides the parameters required for the
determination of the friction torque. Due to the reduction
of the number of sensors, the mounting is reduced to a
more handy construction as shown in the bottom panel
of Fig. 4, but also the calculation time of the routine and
the amount of data is minimized and no longer includes
unnecessary information.

A similar approach of friction and position measure-
ment was used in some recent work of Trachsel et al. [18].
There, only two degrees of freedom were measured us-
ing high precision laser sensors to evaluate the two vec-
torial components of the radial eccentricity. The investi-
gations performed in [18] focused on small journal bearings
with smaller clearance under loadings up to approximately
0.1 MPa, which is less by a factor of 30 than in the case
study discussed below. Furthermore, in [18] the test load
is applied in a different way (without pendulum), there-
fore the measured friction torque is corrected by additional
displacement measurement.

It must be ensured that when determining the torque
of a sliding bearing, a distinction must be made between

a dry-running bearing and a lubricated one, see Fig. 5.
While running dry or under mixed lubrication, as depicted
on the left side of Fig. 5, the internal contact forces be-
tween shaft and bearing PW have to be in equilibrium
with the external load PS . Compared to the direction of
rotation of the shaft, its displacement inside the bearing
is reversed. Under hydrodynamic conditions, as depicted
in the right panel of Fig. 5, the shaft displacement fol-
lows the direction of the rotation because of the hydrody-
namic fluid pressure in the diverging gap. Furthermore,
the point from which the measurement of the pendulum
displacement is made has to be specified. The influence
of relocation torque is eliminated by placing the measur-
ing line pointing in the y-direction into the fixed center of
the shaft. This reduces the equation for determining the
friction torque of the pendulum to

MR = PS · a , (5)

which is the product of the pendulum load and the dis-
placement from the origin [19, 20].

3. Experimental workflow

The porous journal test bearings were custom fitted
by the bearing manufacturer to have a bore diameter of
8.033±0.001 mm, leading to an average diametric gap of
28 µm or 0.35% to the hardened and tempered steel shaft
with a surface hardness ranging from HRA 78 to HRA 84.
The above-average clearance is intended to make the con-
tact less conformal and should lead to higher wear. The
bearings are shipped impregnated only with the oil used
for calibrating the bore hole, so they arrive with an oil
filling of approximately 5%.

A 0.6 mm diameter hole for the thermocouple is drilled
into the planar front face of the bearing, close to the bear-
ing surface, and then the sample is engraved with a unique
bearing ID. The hole also doubles as a marker for the 12
o’clock position of the bearing to ensure consistent assem-
bly and orientation. The bearing is cleaned by boiling it
in toluene under reflux and leaving it in an evacuated des-
iccator over night. It is then impregnated with the desired
porous bearing lubricant using a desiccator and a drying
oven.

In the above workflow, the desiccator pressure always
lies above vapor pressure of the respective oil so that no
lubricant components evaporate. Finally, based on the
empty and impregnated bearing weights as well as the
bulk densities of the bearing material and the oil, it is
ascertained that all bearings are filled to at least 95%.

As the test bearings have a projected bearing surface of
8 mm × 10.5 mm = 84 mm2, a load of 25 kg corresponds to
a mean pressure of 2.92 MPa, which lies at the upper end
of the load range experienced by porous journal bearings
in real operation.

We first performed preliminary tests on the MSVT, de-
signed to determine the long-term rotational speed profile
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Figure 6: Rotational speed profiles: (a) Bidirectional saw-tooth profile with ω = ±20 min−1 for mixed lubrication operation. (b) Logarithmic
Stribeck ramp profile.

that produces the highest amount of wear in the shortest
time. We tested at five maximum rotational speeds ωmax,
which took values of 750, 300, 150, 50, and 20 min−1.
These maximum rotational speeds translated into three
types of profiles:

• ωmax constant

• unidirectional saw-tooth profile: 0 → ωmax → 0

• bidirectional saw-tooth profile: −ωmax → ωmax

In the initial trials, these profiles were preceded by a 6 h
running-in period at 1000 min−1, but this was soon given
up, as hardly any additional wear occurred in these run-
in systems, regardless of the rotational speed profile. The
preliminary tests clearly showed that the bidirectional saw-
tooth profile with ωmax = 20 min−1, see Fig. 6 (a), pro-
duced the highest amount of wear, and that it was suf-
ficient to run this mixed-lubrication program for 44 h.
Note that the unidirectional saw-tooth profile gave the
same qualitative results as the bidirectional one, only less
pronounced. The chosen profile reflects systems that are
repeatedly switched on and off or operated from the rest-
ing position (power window lifts, windshield wipers, throt-
tle valves, etc.). During the test period, the estimated
coefficient of friction (CoF), calculated from the torque
of the drive, is recorded. To simplify the resulting sig-
nal, which naturally features overall noise and especially
spikes at rotational speeds close to zero, only the values at
ω = ±20 min−1 are plotted over time. This leads to two
curves, one for clockwise rotation and one for counterclock-
wise rotation. The general trend of this mixed-lubrication
CoF may be used as a diagnostic instrument for illustrat-
ing the running-in of the system or revealing anomalies or
catastrophic events during operation. Some examples of
such curves are discussed in Sect. 5.

As an additional means of tracking the running-in of
the system, four consecutive Stribeck curves [22] are re-
corded after 1, 2, 3, 4, 5, 8, 11, 14, 17, 20, 28, 36, and 44 h

of mixed lubrication operation, which adds an extra 2.5 h
of duration to the entire test procedure. The associated ro-
tational speed profile shown in Fig. 6 (b) for one such curve
was designed using a logarithmic time axis for three rea-
sons: (1) to keep the application of frictional energy into
the system to a minimum and thus keep the temperature
low, (2) to allow the pendula sufficient time to recover from
their initial oscillations resulting from breaking loose from
the static friction regime, and (3) to maximize the data
resolution around the low rotational speeds up to approxi-
mately 300 min−1, where the minimal CoF, i.e., the onset
of hydrodynamic lubrication, is assumed. The four associ-
ated curves are then averaged, and the resulting thirteen
“master curves” are plotted together in a rainbow-style
coloring scheme so that the dark blue curve represents the
Stribeck curve after 1 h of mixed lubrication operation,
and the dark red one illustrates the behavior after 44 h. If
the system runs in smoothly, the CoF minimum will con-
tinuously decrease over time, see the examples in Sect. 5.

4. Wear measurement and imaging

4.1. Schwenk OSIMESS

The Schwenk OSIMESS is a tactile two-point compari-
son instrument intended for manually measuring the inner
diameters of bore holes ranging from 1 mm to 40 mm [23].
It consists of a measuring stand, a dial gauge indicating
unit, a retractable holder, a needle serving as an actuat-
ing wedge, and a set of split-ball probes of various diam-
eters with matching reference setting rings. This purely
mechanical device is suitable for obtaining a fast, cheap,
quantitative measurement of the bearing diameter change
due to wear [24]. After insertion of the probe into the
bearing, the former is split open by the precision-ground
wedge of the needle, bringing the two halves of the probe
into contact with the inner bore surface. The resulting
radial movements of the split probe are transferred to the
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indicating unit backlash-free. Simple as the method may
be, it can achieve a repeatability of <1 µm in radial di-
rection, with a measuring range from 7.7 mm to 8.3 mm
when using the 8 mm probe. Dozens of bearings can be
measured per hour in this fashion.

Before measuring the worn bearing diameters, all bear-
ings are freed of residual oil and debris by pulling a soft,
lint-free cloth through the bearing bore. All diameter mea-
surements were performed at the front and the rear ends of
the bearing (approximately 0.5 mm away from the bear-
ing edges) as well as in the bearing center. Note that
although the bearings are always originally aligned be-
fore the measurement according to the position of the 12
o’clock hole for the thermocouple, the maximum diameter
of the bore hole is found by rotating the bearing. Therefore
this method is not well suited for obtaining the azimuthal
position of the greatest diametric change.

4.2. Micro-Epsilon boreCONTROL

For the qualitative, non-destructive inspection of the
worn bearing surfaces [25], we used a customized bore
hole imaging system, named boreCONTROL, by Micro-
Epsilon [26]. The measurement system consists of a sen-
sor with an integrated rotary drive, a motor controller, a
sensor controller, and an exchangeable sensor lance. bore-
CONTROL is based on confocal chromatic sensor technol-
ogy and allows surface inspection using intensity measure-
ment. The rotating sensor lance produces circular mea-
surements, and the system provides non-contact diameter
measurements in bore holes and cavities, see Fig. 7. It fea-
tures short measurement cycles due to its high sampling
rate, fair repeatability and accuracy, as well as optical tem-
perature compensation.

Figure 7: Side view sketch of the boreCONTROL system measuring
the inside of a porous bearing (not to scale).

For the 8 mm bore holes in this work, we used the
sensor lance for the 4–10 mm measuring range. The di-

ameter of the measuring spot, which effectively limits the
lateral resolution, is approximately 40 µm. The repeatabil-
ity in radial direction is ±1 µm, and the radial linearity is
±5 µm. The measuring rate can be varied between 0.1 and
25 kHz. For each measurement, three parameters must be
set to obtain a good image of the bearing: the scan rate in
kHz, the shutter time in µs, and the rotation speed in Hz.
Generally there are two different types of surface to deal
with. For shiny and smooth surfaces, it is possible to use
fast acquisition parameters with a 10 kHz scan rate and
approximately 50 µs shutter time. Rough and very dark
surfaces require a lower scan rate, e.g., 5 kHz, and a longer
shutter time like 200 µs to compensate the higher light
absorption. Two different settings are used to generate
hybrid images of bearings whose cylinder barrels feature a
wide range of reflectivities. The bearings are measured by
aligning it according to the 12 o’clock position of the bore
hole using the x-y table and the polar diagram. After a
preliminary scan, the acquisition parameters may require
some fine-tuning before the accurate measurement can be-
gin. The raw data are recorded to an ASCII file. With this
method it is possible to measure between 4 and 5 bearings
per hour. All bearings are measured with a scan configura-
tion of 1050 sensor rotations, covering the bearing length
of 10.5 mm.

One challenge lies in correcting tiny misalignments be-
tween the z-axis of the sample and that of the laboratory
system. This is more difficult than it may seem, as the
porous structure of the unworn bearing surface provides a
noisy data basis for the fitting to an ideal cylinder, com-
pounded by a speckling effect that leads to large artificial
differences between two neighboring image points. Fur-
thermore, a heavily worn bearing may lead to complete
failure of an automatized fitting procedure, as the worn
surface is usually much smoother than the unworn one,
and the cross-section of such a bearing more resembles an
ellipse than a circle. The most stable approach to align-
ing the z-axis of the bearings was based on the iterative
closest point (ICP) algorithm [27, 28].

Summarizing, it can be stated that the boreCONTROL
device is well-suited for producing complete 360◦ images
of the worn bearing surfaces, giving a good idea of the
position, size, and quality of the wear scar, cf. the images
at the end of Sect. 5. However, since the unworn porous
surfaces are very noisy and the alignment of the z axis is
non-trivial, a quantitative evaluation of a wear volume is
not possible with this approach.

4.3. Alicona InfiniteFocus G5

The Alicona InfiniteFocus G5 is a 3D micro coordinate
measurement machine and surface roughness measurement
device in one system. Depending on the objective lens
magnification, the Alicona delivers lateral resolutions be-
tween 0.44 µm and 3.5 µm and vertical resolutions ranging
from 10 nm to 410 nm. Topographic measurement by fo-
cus variation is performed by determining the best focus
position of the optical sensor elements. The focus position
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is related to a certain distance between the objective lens
and the sample, therefore the sample is vertically scanned
at different distances or focus positions. The best focus
position is calculated by determining the contrast between
each pixel and its respective neighbors in the CCD array.
In addition to the topography, the system simultaneously
provides the true color image of the sample. This tech-
nique allows surveys of machine parts and components re-
garding wear and geometrical changes within reasonable
measuring times.

Figure 8: Worn porous bearing and silicone replica of its inner
bearing surface. Note the 0.6 mm hole for the thermo-couple in the
front face of the bearing.

The main application of the Alicona InfiniteFocus G5
in this work is the fast imaging and topographical analysis
of worn shafts, which can be measured directly due to their
convexity. It was also used as an alternative to the bore-
CONTROL device for measurements of the worn bearing
surface topography. Because of the closed concave surface
geometry of the bearing, this inner cylinder surface is not
fully visible, so an appropriate casting material is used to
create a replica of the inner bearing surface. We used a
two-component, gray-colored silicone mold, which hardens
within several minutes, after which the settled replica can
be extracted and measured. In order to better manipulate
the resulting silicone cylinder, a shaft is placed in the mid-
dle of the molds. This makes it possible to measure the en-
tire silicone cylinder surface while rotating the sample and
stitching the results to a final 3D image using the Alicona
Measurement Tools software. Even without rotation, the
reflectivity of the silicone mold allows simultaneous imag-
ing of approximately 120◦ of the bearing surface, which is
sufficient for most wear scars.

Figure 9: Real 3D-images of an exemplary worn bearing (left)
and matching shaft (right) surface measured with the Alicona 3D-
microscope.

Figure 8 shows a typical replica ready for topography
measurement with the Alicona. In a first measurement
step, realistic images of the contacting bearing and shaft
surfaces are acquired, see Fig. 9. In a following post-
processing data operation, the shape of the original cylin-
der can be removed from the measurement data of the
worn bearing. From the resulting color plots, as shown in
Fig. 10, the wear depth can be estimated. In Fig. 10 (a)
the blue-colored area near the middle of the bearing’s slid-
ing face represents “negative wear height” in the range of
–5 µm to –10 µm, which results from material build-up due
to the agglomeration of wear debris. The green and red-
colored areas exhibit regular wear in the shape of grinding
marks caused by abrasives.

Figure 10: Color plots illustrating wear on the bearing (a) and shaft
surfaces (b).

During some casting procedures it was observed that
the hardened replica can have strong adhesion to the jour-
nal bearing. In such cases it could be difficult to separate
the replica from the bearing so that high forces and de-
formations have to be applied during extraction. This can
lead to residual deformations on the replica. Under such
circumstances, the topography measurement can only be
used for a qualitative surface characterization. The worn
shaft in Fig. 10 (b) shows a mostly uniform wear depth of
approximately 6 µm in addition to distinct scratch marks
in circumferential direction. In the middle of the wear
track there is a narrow region with a smaller wear depth,
which can also be observed in the plotted 2D wear profile
shown in Fig. 11.

Figure 11: Wear profile on shaft in axial direction.
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Figure 12: Time evolution of the CoF in the mixed lubrication regime at 20 min−1. (a) Full resolution including CoF spikes due to heating
up during Stribeck ramps. (b) Simplified version showing only values immediately before Stribeck ramps.

When applied to bearing surface imaging, this method
is time-consuming (approximately 1 hour for one sample)
because of the elaborate replica sample preparation, and
it has limited reproducibility due to uncontrollable plas-
tic deformation suffered by the silicone molds when being
extracted from the bearings.

5. Case study

In this section we will showcase what the MSVT tri-
bometer is capable of in conjunction with its laser in-
strumentation, the OSIMESS wear measurement, and the
boreCONTROL imaging of the worn bearing surfaces. The
chosen example constitutes a small portion of a much larger
study consisting of more than 140 bearing–lubricant com-
binations that were tested for their tribological perfor-
mance and their wear resistance. In this study, which will
be analyzed and discussed in a forthcoming publication, all
combinations were first tested only once for a pre-screening
of general trends, after which the most promising combina-
tions as well as implausible results were checked in batches
of 5 nominally identical bearing–lubricant combinations
for statistical confirmation. This allows a relatively safe
distinction between typical behavior and statistical out-
liers.

The lubricant used for all the bearings in this exem-
plary case study is an ester oil with a base oil viscosity of
68 mm2/s at 40 ◦C and a lithium thickener. As bearing
materials, we used pure sinter bronze bearings and sinter
steel bearings with 3wt% of Cu and 1.5wt% of graphite
as a solid lubricant. Both materials were tested in a high-
density (“hi”) and a low-density (“lo”) version. The mean
porosities were 19.1% and 23.5% for the bronze bearings,
respectively, and 18.5% and 23.4% for the steel bearings.

Figure 13: Monitoring the running-in process of two porous jour-
nal bearing systems using Stribeck curves recorded after the time
intervals indicated by the respective color in the legend. The shown
curves are averaged over four consecutive rotational speed ramps.
Error ranges are not shown to improve clarity. Top: Bronze - hi.
Bottom: Fe + Graphite - hi.

5.1. Friction

As described in Sect. 3, the friction torque is measured
via the drive torque of the individual test benches, so that
the CoF at 20 min−1, µ20, can be monitored over time.
The resulting curves, shown in Fig. 12, are then used as
a diagnostic device to assess if the system is running in
properly and converging to steady-state operation, or if
larger-scale wear events lead to intermittent increases of
µ20. Mixed-lubrication operation is interrupted at the in-
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tervals mentioned above (and marked on the abscissa in
Fig. 12) for the recording of Stribeck curves whose data
has been removed from the respective graphs, µ20 exhibits
discontinuities at these points in time, see Fig. 12 (a). For
a simplified view of the data, focusing on the running-
in, only those µ20 values recorded immediately before the
Stribeck ramps can be plotted over time, see Fig. 12 (b).

By recording Stribeck curves at 13 points in time dur-
ing the mixed-lubrication regime testing, it was possible to
monitor the formation of a hydrodynamic regime as well
as the migration of the friction minimum to smaller CoF
values and rotational speeds, see Fig. 13 for two examples.
Here, the rainbow-style coloring scheme goes from blue
(towards the beginning of the test) to dark red (end of
the test after 44 h). The lowering of the friction minimum
over time is obvious for both shown examples, and the for-
mation of a stable hydrodynamic branch of the Stribeck
curve is more pronounced for the bronze bearing. The
oscillations/kinks in the curves at the rotational speed of
approximately 400 min−1 are likely due to a resonance
phenomenon in the MSVT tribometer.

5.2. Wear

Before discussing the wear results, it should be noted
that the porous bearing lubricant used in this example
case has generally proven to maintain high wear resis-
tance paired with a wide range of bearing materials. The
obtained bore diameter changes due to wear are there-
fore in the single-digit micron range, which according to
the bearing manufacturer may be considered mere contact
conformization and not as wear per se. For comparison,
a combination of a low-density pure sinter steel bearing
paired with a silicone oil led to diameter differences of up
to 200 µm using the same testing procedure. The column
charts shown in Fig. 14 were obtained by measuring the
diameters of the worn bearings near the front, center, and
rear, using the OSIMESS method, and averaging over all
5 bearings run in parallel. One outlying dataset was re-
moved from the results for Bronze - lo, which would have
pushed the average values to 5–10 µm and considerably
lengthened the error bars. It can be considered statisti-
cally confirmed that the bearings wear down more around
the edges than in the center, which will be corroborated by
the bearing surface images presented later on. The higher
wear obtained for the low-density Fe + Graphite bear-
ing compared with the higher-density variant is actually a
trend that is maintained throughout the larger part of the
pre-screening tests, so that it can be assumed that bearing
porosity has an important influence on wear resistance in
mixed-lubrication operation.

As the boreCONTROL device was only available for
two weeks shortly after the pre-screening tests had been
completed, the worn bearing surfaces shown in Fig. 15 are
not a subset of the ones whose wear data led to the col-
umn charts in Fig. 14. However, the results obtained in
the pre-screening tests fit in well with those conducted

Figure 14: Diametric wear at the front, center, and rear of the
bearings, averaged over 5 bearings operated in parallel. One outlying
dataset was removed from the results for Bronze - lo.

Figure 15: z-axis-aligned boreCONTROL bearing surface maps of
the four bearing types, acquired during pre-screening tests. From
top to bottom: Bronze - hi, Bronze - lo, Fe + Graphite - hi,
Fe + Graphite - lo. Wear marks can be seen in the left half of
the maps, whereas the right half is dominated by the unworn porous
structure. The “front” of the bearings (as referenced in Fig. 14) is
at the z = 10 mm position. The third map is complemented by an
exemplary Alicona image of the corresponding shaft.

in parallel, so that the visualizations of the worn bear-
ing surfaces can be considered representative. What can
be seen immediately in the images is that the extreme
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values of the coloring scheme, representing the deviation
from the ideal cylindrical bore hole, occur mainly in the
unworn, porous portion of the bearing surface, as well as
in scratches orthogonal to the running direction that re-
sult from removing the bearing from the shaft. Although
the wear marks themselves are only in the single-digit
micron range and would therefore only have little con-
trast with the original bearing diameter shown in blue,
the border between worn and unworn surface is clearly
visible in all four shown examples, revealing an hourglass-
shaped wear scar in all cases. The presented imaging
technique would also immediately reveal the occurrence
of edge-runners, which would be characterized by predom-
inantly point-symmetrical wear marks, e.g., a parabolic
scar in the top left and another inverted one at the bottom
right. Due to the self-adjusting construction of the MSVT
tribometer, we hardly ever observed such edge-runners.
The third bearing surface visualization from the top in
Fig. 15 is complemented by an exemplary Alicona image
of the corresponding shaft. Note that several circumferen-
tial wear marks can be found at identical axial positions
on the bearing surface and the shaft, whereas in general
there is an even wear pattern over the entire contact area.

6. Summary and Conclusion

We have discussed an experimental and analysis work-
flow designed for studying and ranking the tribological per-
formance and wear resistance of highly loaded and slow-
running porous journal bearings. A custom-designed bear-
ing tribometer allows either high-throughput screening tests
or parallel testing of equivalent sample pairings and testing
parameters for statistically confirmed results. The rota-
tional speed profile was optimized towards mixed-lubrica-
tion operation and maximum bearing wear within a 46.5 h
testing routine, so that up to 15 samples can be tested per
week. We presented several methods to measure and visu-
alize bearing wear, and our brief case study shows how all
elements are applied in practice. In an upcoming publi-
cation, we will describe a large-scale study including more
than 140 different pairings of bearing material and lubri-
cant, making use of the devices and methods laid out in
this work. There, it will be shown how the preliminary
screening tests form the basis for a proper design of ex-
periments, and how the following detailed parallel-testing
leads to statistically confirmed results that can be trans-
lated into rankings of bearing–oil combinations according
to various tribological properties.
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