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In this work, we employed a custom-built tribometer that allows simultaneous testing of five porous journal
bearing systems to perform lifetime tests on combinations of bearing materials and lubricants at various tem-
peratures. Test parameters and contact conditions were tailored to promote mixed/boundary lubrication and
accelerated wear tests. Failure and wear data were evaluated ex-post, leading to survival probability curves based
on Weibull fitting that allow quantitative ranking of bearing life as well as qualitative assessment of the failure

behavior. Friction torque and accelerometer data were recorded either continuously or at regular time intervals,
with the potential for on-the-fly evaluation. Using joint time-frequency analysis, we produced spectograms of the
accelerometer data, which can characterize the state of operation and allow a clear disambiguation of the
running-in phase, steady-state behavior, and critical operation before failure.

1. Introduction

Porous journal bearings (PJBs) are inexpensive machine elements
that are produced using powder metallurgical methods [1], where the
resultant pores act as oil reservoirs to maintain a continuous lubricant
supply between shaft and bearing. Due to their self-lubricating behavior
[2,3], they operate under hydrodynamic lubrication conditions for most
of their service life, as long as the pores are sufficiently filled with
lubricant [4]. However, under certain conditions such as start/stop
operation [5,6] or after long and severe use (e.g., high loads and tem-
peratures), the lubrication regime may shift towards mixed or boundary
lubrication, depending on how much oil is left in the pores.

Although PJBs have been studied since the 1950s [2,3,7], some
research topics remain open, such as surface texturing [8], novel lu-
bricants [9,10], the phenomenon of cold squealing [11], or the assess-
ment of failure probability over time. PJBs are designed for service lives
upwards of 10,000 h [12], so standard experimental tests to predict the
lifetime are cumbersome and costly, as a single test may go on for several
weeks or even months. The authors have recently developed a heatable
test rig allowing simultaneous testing of five bearings. This rig can be
utilized for either increasing the data acquisition bandwidth, for
obtaining a reliable statistical analysis by testing identical bearing/lu-
bricant combinations in parallel [13], or for speeding up test trials at

elevated temperatures [14,15]. In particular, the experimental meth-
odology established by the authors [13-15] was designed to test the
PJBs under mixed/boundary lubrication, therefore promoting asperities
contact and wear (accelerated tests).

Joint time-frequency analysis (JTFA) is a powerful and versatile tool
for the localization of quasi-periodic patterns in time within non-
periodic time-series data. The two most common procedures are based
on the short-time Fourier transform (STFT) [16] or the wavelet trans-
form [17]. Industry-related applications of JTFA include the evaluation
of transient vibrations in rotating machine components [18], fault
detection in water pipelines [19], machinery fault diagnosis [20,21],
and tool condition monitoring [22,23]. In tribology, JTFA is predomi-
nantly applied to acoustic emission signals and used for wear detection
and monitoring [24,25], as well as for the automated detection and
prediction of failure mechanisms in combination with machine learning
approaches [26,27]. Recently, the occurrence of abrasive wear in jour-
nal bearings under hydrodynamic lubrication could be linked to
speed-dependent vibrations [28,29]. At the authors’ institution, JTFA
was applied to detect cold-induced noise emissions from PJB using
piezo-electric vibration sensors in recent years [11]. JTFA has also
proven to be a powerful tool to detect transient dynamic changes in
pin-on-disc tribometer experiments [30].

In this work, we have combined several of the test rig’s experimental
features with JTFA of vibration data obtained from piezo-electric
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Nomenclature
PJB Porous Journal Bearing
MPPS Methylphenyl-Polysiloxane
PG Polyglycol
CoF Coefficient of Friction
RT Room Temperature
JTFA Joint Time-Frequency Analysis
HR High-resolution
FFT Fast Fourier Transform
PSD Power Spectral Density
STFT Short-Time Fourier Transform

accelerometers to study transitions between different operation regimes
during run-time. Mixed/boundary lubrication conditions were evalu-
ated in our experimental workflow, since these lubrication regimes are
quite complex to simulate, and also to promote accelerated wear tests.
We compare the friction and wear performance of four bear-
ing-lubricant combinations (two bearing materials x two lubricant
types) and analyze their vibrational behavior during run-in, the steady
state, and the critical phase leading up to failure. The vibration analysis
focused on identifying the main vibration modes rather than identifying
the origin of every vibration signal’s frequency component. Finally, we
provide survival probability curves of those bearing-lubricant combi-
nations that failed during testing, based on Weibull fits to the time-until-
failure.

2. Experimental details
2.1. Test setup and conditions

Tribological tests were performed using a custom-built multiple
bearing wear test rig [13]. The test rig, see Fig. 1, was conceived to run
simultaneously five identical tribotests for obtaining statistically reliable
results in reduced run-times. Each shaft is driven by an electric motor
with a frequency converter, allowing continuous speed variations. The
load is radially applied on each shaft using a dead weight on a rod
(pendulum). The temperature of the bearing can be controlled and
increased up to 180°C during the test. The bearing temperature is
constantly measured using a thermocouple fixed in a hole in the side of
the bearing near the sliding surface. The coefficient of friction (CoF) is
calculated using the torque measurements obtained from the electric
signal of the frequency converter. Uni-directional piezo-electric accel-
erometers were attached to the body of the sample holder on three of the
five test positions and used for detecting vibrations associated with
bearing failure evolution. The accelerometers were positioned to

Servo motor
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measure the acceleration radially in the same direction as the applied
load. A more detailed description of the test rig can be found in previous
publications from the authors [13-15].

Motor torque, rotational speed, and temperature signals were
continuously acquired at low sampling rate (5 Hz) throughout the
experiment. High-resolution (HR) data of the same sensors were recor-
ded during 180 s time windows every hour at an acquisition rate of 2
kHz. Additionally, accelerometer data were acquired within the same
time intervals at an acquisition rate of 20 kHz.

The tests ran under a constant specific bearing load (radial load
divided by the projected cross-section of the bearing) of 3 MPa (25 kg/
245 N load), and the speed varied between + 20 and —20 rpm following
a saw-tooth profile with a frequency of 0.1 Hz. Each bearing-materi-
al-lubricant combination was tested at room temperature (RT), 100°C,
and 160°C. Some tests at 160°C using a specific lubricant were omitted
because severe wear already occurred at 100°C, see Section 3.1. A test at
a particular bench position was independently stopped and considered a
failure of the bearing when the motor torque exceeded a threshold value
of 0.8 Nm. The entire test rig was stopped when at least three bearings
had failed and failure of the remaining bearings was foreseeable. The
test rig was shut down manually after approximately two weeks
(11-14 days), if at least four bearings were still operational after that
time.

2.2. Bearing materials and lubricants

For this study, custom-fitted PJB of two different materials, bronze
and iron-based, were used, see the composition in Table 1. The bearings
had an external diameter of 15.6 mm and a length of 11 mm. The bore
diameter was fitted by the manufacturer to 8.033 + 0.01 mm.

Commercially available martensitic stainless steel (X90CrMoV18)
shafts were utilized as counter-body and replaced after each test. The
samples had a nominal diameter of 8 mm with h6 tolerance (0/—9 pm).
The shafts had a surface hardness of minimum 54 HRC and a surface
roughness of Ra< 0.3 ym. The average diametric gap between bearing
and shaft was hence 37.5 um, or 0.47%. The gap height was selected to
accelerate the wear tests because of increased asperity contact compared
to usual PJB applications. Furthermore, the diametric gap was designed
to avoid undesired bearing compression due to thermal expansion of the

Table 1
PJB materials and compositions used for the tribological tests.

Material Composition  Density (g/ Total porosity Average pore size
cm®) (%) (um)
Iron- Fe + 2% Cu 5.8 25 5.8
based
Bronze pure bronze 7.2 20 3.3

Accelerometer

Laser position sensors

Pendulum Dead weight

Sample holder
+ heating system

Temperature measurements
bearing and sample holder

Fig. 1. Overview of the multiple bearing wear test rig.
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samples because of the large temperature range in the experimental
matrix (maximum thermal expansion ~ 25 ym at 160°C).

The selected bearing materials had distinct densities and total po-
rosities, see Table 1. The tribological properties of sintered materials
strongly depend not only on the total porosity, but also on the porosity
characteristics [31-33]. Therefore, principal pore characteristics were
optically determined. Pictures from three randomly selected regions of
each material were taken and then quantitatively analyzed using the
open-source software ImageJ [34]. The pore size distribution and the
corresponding pore area fraction (percentage of area occupied by the
pores) are shown in Fig. 2. Furthermore, the average pore sizes obtained
by optical analysis are listed in Table 1. The iron-based bearings feature
a higher volumetric porosity than the bronze-based ones, and the pores
are generally larger. For instance, medium-sized pores (between 20 and
60 ym) occupied much more area in the iron-based bearings compared
to the bronze PJB material, see Fig. 2.

The bearings were cleaned and then filled with the lubricants listed
in Table 2 following a standardized routine detailed in a previous pub-
lication [13]. Two commercially available lubricants were used, namely
polyglycol (PG) and methylphenyl-polysiloxane (MPPS), featuring a
considerable difference in viscosity indices, see Table 2. Note that the
viscosity at RT and 160°C was estimated using the Walther equation. The
shear rate under test conditions ranged between 10% and 10* s71, so
shear thinning could be ruled out. The lubricant selection was based on
knowledge from previous studies [15] with the intention to test one oil
associated with high wear rates under mixed lubrication conditions
(MPPS) and one with intermediate performance (PG), so that bearing
system failures would occur within reasonable amounts of time. All
bearings were impregnated with lubricant to at least 95%.

2.3. Data evaluation

2.3.1. Friction and wear measurement

The presented test rig allows the determination of the friction torque
and subsequently the CoF in two different ways. Firstly, the electric
current used to power the servo motor is continuously monitored by the
acquisition software. The motor torque is proportional to the recorded
motor current. The friction torque is then obtained by subtracting the
running-idle torque from the measured signal. This method does not

Iron-based

3.0%
2.5%
2.0%

Pores area (%)
e
o wv
X X

0.5%

0.0%
5 15 25 35 45 55 65 75 85 95 105
Pore size (um)

Fig. 2. Comparison of the porosity between iron-based and bronze-based
PJB materials.
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Table 2
Lubricants used for the tribological tests.
Abbreviation  Lubricant base Density Viscosity (mPa  Viscosity
(g/em®) -8) index
(RT*/40°C/
100°C/160°C)
PG Polyglycol 1.04 85/46/9/3.6 181
MPPS Methylphenyl- 0.95 174/130/52/ 413
Polysiloxane 27

*RT was considered 25°C for evaluating the viscosity

provide high-accuracy results. However, it is suitable for long-term tests
at low rotational speeds and low acquisition rates, as is the case in the
current study. The second, more precise method uses the signals from
three laser position sensors to calculate the friction torque and is
described in more detail elsewhere [13]. However, this method is
difficult to implement in an industrial setting because it requires addi-
tional instrumentation and accessibility of the tribosystem. Therefore, in
this work, the CoF () was simply calculated as the ratio of the friction
torque Mg, obtained from the recorded motor torque that is readily
available in modern drives, and the product of the normal load P and the
radius of the shaft r, see e.g., [35,36].

My

H=% @

In order to obtain comparable CoF values for each test and to mini-
mize overall noise, especially spikes at rotational speeds close to zero,
only values at the maximum rotational speed @wmg, = = 20 rpm were
considered for evaluation. This yields one “envelope curve” for clock-
wise and one for counter-clockwise rotation, respectively, which are
almost identical except for their sign. The CoF values presented in this
paper were obtained by averaging the two curves.

Diametric wear of the bearings was measured using a Schwenk
OSIMESS two-point measuring instrument for inner diameters of bore
holes between 1 and 40 mm [37]. The inner diameter of each bearing
was measured before and after the test at three positions: front, center,
and rear. Wear was calculated by averaging over the differences be-
tween the two measurements at each position.

2.3.2. Accelerometer data

Transient friction-induced vibrations were recorded by a piezo-
electric accelerometer. The eigenfrequencies of the pendulum were
numerically calculated to discern these values from the broad frequency
range obtained through the stochastic interactions of rough surfaces
during the tribological test. In order to calculate the characteristic fre-
quency spectra of the vibrations, JTFA was used.

For JTFA, the measured signal x(t) is multiplied by a sliding window
function w(t — 7), and the STFT X(f, 7) at a given frequency fand a given
point in time 7 is calculated [16,38],

X(f,7) = / " (Owlt—)e N dr @

o

with j being the imaginary unit, j> = — 1. For the present work, a Hann
window of duration T was used as sliding window function [39]:

2nt T
0.5-1 1 4+ cos— if|r] < =
( T ) i 2 3)

w(t) =

0 otherwise

The squared amplitude of the STFT is known as the Power Spectral
Density (PSD) of x(t):

PSD = |X(f,7)* . C))

In this paper, the PSD is given as a non-dimensionalized quantity,
expressed by the logarithmic decibel scale:
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X(f,7)?

X(f,7)
——| =201
X, | og|

PSD(dB) = 10-log| ~
0

[ )

with Xy = 1 g, as the output of the accelerometer is given in multiples of
g~ 9.81 m/s%

For visualization, the power spectra of individual windows are
stacked along the x (time) axis, and its absolute value is color-coded,
yielding a 2D spectrogram of the evolution of the measured vibration
frequencies.

3. Results and discussion
3.1. Friction and wear results

3.1.1. Friction curves

Fig. 3 gives an overview of the friction curves obtained for the in-
dividual material-lubricant combinations and temperature steps. Bear-
ings lubricated with MPPS exhibited significantly poorer performance
compared to PG-lubricated bearings. At RT, MPPS with the iron-based
PJB material was the only material combination that exhibited early
failure with running times considerably below 200 hours. At 100°C,
wear and temperature increase were so severe that failure occurred after
an average running time of only 2.5 hours. Therefore, it was decided not
to carry out tests with the MPPS lubricant at 160°C. MPPS performed
better with the bronze PJB material, with only one early failure at RT
after approximately 50 h. At 100°C, four of the five bearings were
affected by early failure, albeit running at a slightly lower CoF for the
first ~ 5 hours, and the test rig was stopped after 163 hours.

In contrast, all of the PG-lubricated bearings, independent of the
bearing material, were still operational at RT and 100°C when the long-
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term test was stopped after approximately two weeks. Bronze bearings
were running stably throughout the tests, with occasional transient in-
creases of the CoF. It has to be noted that at 100°C the variance between
the curves increased after about 230 h, possibly indicating impending
failure. For the iron-based bearings with the PG lubricant, a more pro-
nounced run-in behavior was found compared to the other material
combinations. This applies especially to the tests carried out at RT,
where all bearings stabilized after about 50 h at an average low CoF of
0.06. In contrast, at 160°C, early failure occurred in both PJB materials.
For the iron-based bearings, the test rig was stopped after 138 h with
three bearings failed and the other two close to failure, running at a high
CoF. In these tests, an especially pronounced run-in behavior was
observed. Recorded friction torque signals (see Fig. 4) exhibited a higher
amplitude in the beginning with a steep decrease after about 10-15 h.
This correlates well with outbursts in the accelerometer signals,
observed at the turning points of the rotation direction. The increase of
the CoF towards the end of the test was also accompanied by outbursts in
the accelerometer signal, indicating deterioration of the lubrication
condition. These findings will be discussed in more detail in section 3.2.
In contrast, only three bronze bearings failed early, preceded by a much
slower increase of the CoF.

3.1.2. Statistical analysis

Box plots of CoF and wear results for all material, temperature, and
lubricant combinations are shown in Fig. 5. For each test, the middle
50% of each dataset were considered, describing the behavior of the
system during stable operation. Colored lines indicate the median of five
tests. Boxes extend between the first and third quartiles. Whiskers
extend between minimum and maximum, points differing by more than
1.5 times the interquartile range from the median are marked as crosses.

°
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Fig. 3. Friction curves of the various material-lubricant pairings at (a) RT, (b) 100°C and (c) 160°C.
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Fig. 4. Recorded friction torque signals for each test position for the material
combination iron-based PJBs and PG lubricant at 160°C, showing clear run-
in behavior.

The wear rate, i.e., measured diametric wear divided by the total sliding
distance, was used, since bearing lifetime was highly variable, between
and even within testing conditions (material, lubricant, temperature).

For iron-based bearings, both CoF and wear were significantly lower
using PG than with the MPPS lubricant. This behavior is particularly
evident at RT. The use of PG oil led to a strong temperature dependence
in combination with the iron-based PJB material, increasing the CoF
from 0.07 at RT to 0.18 at 100°C and 0.27 at 160°C. A similar, but less
pronounced temperature-dependent CoF increase was also found for the
bronze bearings with the PG lubricant. An explanation for this increase
may be that the increase of temperature reduces the oil viscosity, pro-
moting more asperity contacts and consequently higher friction between
the mated surfaces. The PG oil yielded significantly lower wear than
MPPS for all bearing materials and temperatures. This difference is
particularly pronounced for iron bearings, where wear using the MPPS
lubricant was larger by two orders of magnitude compared to PG.
Although MPPS yielded a lower CoF in combination with bronze bear-
ings, operation was considerably less stable, and four of the five bearings
failed within a time interval of approximately 100 h at 100°C. In general,
bronze bearings exhibited significantly less wear compared to the iron-
based ones at all temperatures.

Fig. 6 shows a scatter plot of the wear in dependence of the observed
CoF for all four material-lubricant combinations. It can be seen that
bronze and iron-based PJB material systems exhibit distinct behavior.

(a)
0.7 T
—— lron-based + MPPS —— Bronze + MPPS
—— lron-based + PG Bronze + PG
0.6 x

0.5
0.4

[T
S
0.3
o _ 0 =
. — % "
0.1 :—E' * ==
=
&0 RT 100°C 160°C
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While wear remained constantly low for the bronze bearings, a signifi-
cant wear increase with rising CoF was observed for the iron-based
bearings. Furthermore, the two lubricants are clearly separated for
both PJB materials, with significantly increased CoF and wear for MPPS
in combination with iron-based bearings. By contrast, for bronze bear-
ings, MPPS yielded a lower CoF than PG. Note that the wear of bronze
bearings was consistently lower than that of the iron-based bearings, in
many cases falling below 10 ym. Six iron-based bearings exhibited
critical wear ( > 250 ym), causing a significant alteration of the contact
geometry. This behavior was mainly observed for iron-based bearings
with the MPPS oil, where the lubricant was not able to prevent contact
between asperities, thus leading to an increased CoF ( > 0.3) and
increased wear.

The generally poorer tribological performance of iron-based bearings
could be attributed to their larger porosity and pore dimensions
compared to the bronze bearings, see Table 1 and Fig. 2. Pore size,
quantity, and distribution have a strong impact on the load surface
support capacity, as experimentally and numerically studied in [40,41].
Although large pores can act as secondary lubrication sources, they also
decrease the surface load support capacity. The larger porosity and pore
size of the iron-based PJB material can therefore explain the increased
wear rate compared to the bronze samples. Many iron-based samples
underwent increased wear, most likely because the surface pores
collapsed under severe conditions, promoting greater plastic deforma-
tion than bronze samples with fewer and smaller pores [40,41].

3.2. Accelerometer data

JTFA proved to be a powerful tool to distinguish between normal and

# Iron-based + MPPS
# lron-based + PG *
1000 X  Bronze + MPPS ¥ * *
Bronze + PG * *
g o
= 100 *
[ F— * 4 *
* * % *
8 - X e
= ot |
10 i
XX
X x
x
1
0.0 0.1 0.2 0.3 0.4 0.5 0.6
CoF

Fig. 6. Average wear in dependence of the measured coefficient of friction
(CoF). Iron-based and bronze PJB are clearly separated.
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% 0.1
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©
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=< 0.01 x %
—t= = =
= = x
0.001 .
RT 100°C 160°C

Fig. 5. (a) Coefficient of friction (CoF) box plot for iron-based and bronze bearings for different temperatures and lubricants. (b) Wear rate (wear/tested distance)
box plot for iron-based and bronze bearings at different temperatures and lubricants. Wear rate in logarithmic scale. Each box represents the results of 5 parallel tests

at the specified experimental parameters.
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critical operation based on accelerometer data. In the following, the
results of iron-based PJB + PG tests at 160°C are discussed, since the
power spectral density map for this material combination exhibited the
most pronounced features. Fig. 7 shows the JTFA of the accelerometer
signal from position 1. In Fig. 7a, the temporal evolution of the accel-
erometer signal is presented together with the unprocessed motor torque
signal. The graph displays the maxima of each HR window and exhibits
significant increases at the beginning and end of the test. Fig. 7b shows
an overview spectrogram of the test. For each HR window, one Fast
Fourier Transform (FFT) spectrum was calculated. The individual FFT
spectra are displayed color-coded in the form of vertical columns
centered around the corresponding acquisition times. One can clearly
distinguish three operation regimes: the steady state is preceded by an
extended run-in phase, which lasted for 14 hours in the present test.
Bearing failure was preceded by a distinctive critical operation phase
starting 8 hours prior. Detail spectrograms of the three operation re-
gimes are shown in Fig. 7c, together with graphs of the raw HR signals of
the motor torque and the accelerometer from the corresponding time
windows.

As already mentioned, the iron-based PJB material showed distinc-
tive run-in characteristics. In the run-in phase, the motor torque signal
(and hence the CoF) increased by about 30% at low rotation speeds.
These increases were accompanied by massive spikes in the acceler-
ometer signal, reaching values up to 3 g. This implies an increased
contact between asperities at low speeds. During deceleration, this leads
to the excitation of vibrations. A second, much less pronounced outburst
in the accelerometer data occurs, when the journal starts rotating in the
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opposite direction, having to overcome static friction to change from
stick to slip.

When the system reaches steady operation, the torque signal takes on
a more rectangular shape, and the regular outbursts in the accelerometer
signal vanish. Towards the end of the test, vibrations are induced at each
direction change, implying a deterioration of the lubrication state and
increased contact between asperities at low speeds. These outbursts in
the accelerometer signal were asymmetric, more pronounced when the
journal was moving in counterclockwise direction. This goes hand in
hand with increased friction, visible in the increased torque signal.

As stated in Section 3.1, the CoF increase of the bronze bearings
before failure was slower and much less severe compared to the iron-
based PJB material. Also, no clearly defined run-in behavior was
observed. These findings were also reflected in the accelerometer data.
Fig. 8 shows JTFA results from one bronze bearing with MPPS lubricant
at 100°C with a total lifetime of ~ 80 h.

The severe outbursts observed in the accelerometer data of the iron-
based PJBs are absent for the bronze material, with maxima of the
accelerometer signal reaching only 0.2 g before failure. Nevertheless, a
clear distinction between steady and critical operation can be obtained
using JTFA.

In all tests, strong frequency contributions were observed below 0.5
kHz. These are connected to eigenfrequencies of the test rig itself and
observable throughout the experiment. During run-in as well as towards
the end of the test, a frequency contribution at approximately 0.12 kHz
was observed. This frequency was numerically verified to be an eigen-
frequency of the pendulum at the respective test position. The PSD of
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Fig. 7. JTFA of accelerometer data from one test position (iron-based PJB material, PG, 160°C). (a) Temporal evolution of accelerometer and unprocessed motor
torque signals. Maximum acceleration values of HR windows are displayed. (b) Overview spectrogram of accelerometer signal. FFT spectra of HR windows are
represented as vertical columns centered around the respective acquisition time. (c) Detail spectrograms of HR windows taken during run-in, steady, and critical
operation. The graphs below represent the corresponding raw HR signals of the motor torque and the accelerometer.
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this frequency increases gradually, when the system reaches the end of
its lifetime due to increased friction.

A frequency contribution at 2.1 kHz was observed in all tests and
strongly intensified during run-in and critical operation. The intensity of
the 2.1 kHz line is highest when the shaft reaches its highest speed and
nearly vanishes at the turning points, thus creating a periodic, “pulsat-
ing” pattern in the spectrogram. These observations are clearly visible in
the case of the iron-based PJBs (Fig. 7) and less pronounced for the
bronze bearings (Fig. 8). In the latter case, an excitation of the second
harmonic of this frequency (4.2 kHz) was observed when the system
reached critical operation. Turning points are observable at low fre-
quencies ( < 0.5 kHz) throughout the test, producing a regular pattern in
the spectrogram.

In general, the observed frequencies lie well above the applied
rotation frequencies and are most likely caused by broadband excitation
due to the stochastic nature of the solid contact between individual as-
perities. Note, however, that this paper does not aim at the detailed
analysis of every contribution to the vibration signal’s frequency com-
ponents, but rather uses the obtained spectrogram to identify states of
operation and the transitions in-between.

3.3. Lifetime of PJBs

The lifetimes of the bearing-lubricant combinations are summarized
in Table 3. If the bearings did not fail during the testing period, its length
is given following a greater-than sign, which implies that the only
statement that can be made is that the bearing systems all operated

Table 3

Average lifetime (in h) and standard deviations for the different material,
lubrication, and temperature conditions. Five bearing systems were tested per
parameter combination. Values in parentheses indicate the number of failures
for the respective test condition.

RT 100°C 160°C
Iron + PG > 282.8 (0) > 334.4 (0) 122.9 £ 3.0 3+ 2)a
Iron + MPPS 96.3 +13.0 (4) 25+0.2(5) -
Bronze + PG > 263.9 (0) > 305.7 (0) 271.6 +£12.7 (3)
Bronze + MPPS > 284.6 (1) 102.0 £ 7.3 (4) -

@ Two bearings were close to failure when the experiment was stopped.

longer than that duration. The integers in parentheses give the number
of bearing systems that failed.

The survival probability Pgyvival Of a bearing system as a function of
the running time t can then be given in the form of a cumulative Weibull
distribution function

Psurvival(l; k,/l) =1 —g*(’/’l)k , (6)

where k is the shape parameter and 1 is the scale parameter of the
Weibull distribution. We employed the median rank method to fit k and
A based on the time-to-failure data. This is done by ordering the times-to-
failure tg,j for a given system in ascending order and assigning them
ranks i running from 1 to n. The median ranks R; are then obtained via
the expression R; =(i—0.3)/(n+0.4). We can then plot
In[ln(1/(1 —R;))] over In(tr;) and perform a linear regression. The slope
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of the resulting straight line y = kx + d is the shape parameter k of the
Weibull distribution, and the scale parameter 2 = exp(|d/k|).

A value of k < 1 corresponds to a failure rate decreasing over time,
which is a sign of high “infant mortality”, while for k = 1, the failure rate
does not change over time. Conversely, k > 1 means that the failure rate
increases over time, a behavior that can be associated with a process of
aging, making systems more likely to fail as time progresses.

We have plotted the survival probability for all those systems with
sufficient data to allow a fitting in Fig. 9. The combination Iron + MPPS
has a shape parameter smaller than 1 independently of the temperature,
leading to an immediate onset of decay in the survival probability, i.e.,
having pronounced “infant mortality”, while the other systems all have
k > 1, which leads to well-defined running behavior and lifetimes.

3.4. Discussion

In the work presented here a combination of conventional tribometer
data and high-rate accelerometer data was utilized to analyze and un-
derstand the evolution of the tribosystem “porous journal bearing”.
Both, the progress of friction and the probability of failure are studied in
detail, giving insight in the current state of the tribosystem. This in-
cludes changes of power consumption due to frictional losses over time
and characteristic changes of the acceleration patterns indicating
impending failure, marking the necessity of maintenance actions.

The presented tool set, in particular the JTFA, can be adapted to
long-term tests of any tribosystem, provided that a sensor capable of
capturing the relevant frequency range can be installed. In our case, this
was an accelerometer with a bandwidth of 20 kHz, whereby the sub-
sequent data analyses revealed that the relevant information was
entirely contained within the range 0-5 kHz. Accelerometer data were
not acquired continuously, but only in bursts of 180 s at defined times.
This means that the volume of the generated data may be reasonably
handled using consumer-grade computer hardware. Furthermore, the
tool set presented here is very well suited for online data analysis.
Recorded data can be processed in real time and therefore the amount of
stored data may be reduced significantly.

The real-time processing capability allows the development of al-
gorithms to detect impending failures in real time. For example, in our
case, the accelerometer data indicated a change in the operational state
significantly before other quantities such as the motor torque exceed
their preset critical threshold. Thus, applying such an algorithm in a real
machine makes it possible to take timely countermeasures, such as
adding lubricant on demand, exchange or repair of a component at the
next scheduled time interval or, in the worst case, an emergency shut-
down of the machine. Therefore, the presented work can be an impor-
tant contribution to a predictive maintenance strategy. In addition,
JTFA spectral data are very well suited to train a machine learning al-
gorithm to classify patterns associated with critical system behavior
[42] and to predict impending failure.

In addition to this early warning possibility via JTFA, a sufficient
data source of “failed” bearings can be used to calculate the failure
probability of a given system. The presented test rig allows for the
parallel collection of such data in a significant amount at an accelerated
testing time. With the help of Weibull plots, see Fig. 9, it is possible to
derive the expected lifetime for a given material-lubricant pairing at
given loading conditions.

The combination of JTFA on sensor data and lifetime analysis based
on bearing failure permits to establish a robust workflow for improving
not only bearing design but also maintenance strategy.

4. Conclusions

To setup a toolbox for efficiently monitoring the health status of
tribosystems and generate data for lifetime predictions the use case
porous journal bearing was utilized. A custom-built multiple bearing
wear test rig with heatable sample support, allowing five simultaneous
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Fig. 9. Survival probability curves for all bearing systems with enough avail-
able data to allow fitting to a Weibull distribution. The actual numbers of failed
bearings contributing to each curve are given in parentheses in Table 3.

tests at increased aging rate, was used. Two different porous journal
bearing materials and two different lubricants were studied at three test
temperatures.

As main feature, joint time-frequency analysis was applied to
accelerometer data for ex-post evaluation of changes in the tribosystem
over time. From a visual inspection of the power spectral density, we
could make a clear distinction between the operational states from
running-in to failure. In particular, the eigenfrequencies are amplified,
while the noise level rises considerably during the run-in and critical
states.

From the obtained times-to-failure, a lifetime assessment was
formulated based on Weibull statistics. In addition to being able to
accurately calculate an average service life, this approach also allows a
qualitative characterization of the failure behavior, i.e., a clear disam-
biguation between high “infant mortality” and well-defined bearing
operation.

In a further step, the presented tool set may form the basis of a
monitoring system for the real-time assessment of the current “health
state” of tribosystems in general, aid maintenance and will allow tar-
geted optimization of material-lubricant combinations for specific ap-
plications. Combining joint time-frequency analysis with an appropriate
machine learning algorithm will enable the classification of critical
signal patterns in real-time as well as the early prediction of impending
failure.
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