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Abstract: The contact voltage (CV) method, which can detect miniature failures, has been tested
under laboratory conditions to monitor the condition of bearings. In this study, the bearing materials
for marine diesel engines, aluminium and copper alloy, were tested on a bearing fatigue wear test
bench in the boundary lubrication state, which was found through tests of the different parameters.
The frictional torque, the oil film thickness and the bearing temperature were measured, as well as
the CV signals. The possibility of using the CV technique to monitor the condition of the bearings
was also assessed by evaluating the tribological properties. After 10 h of the test, the aluminium
alloy bearing was worn to the alloy layer. Then, the wear-reducing layer on the surface of the
bearing slowly peeled off, and the wear was intensified. Due to its higher wear-resisting property,
the amount of wear on the copper alloy bearing increased slowly. After 20 h of the fatigue wear
test, the aluminium alloy bearing became severely worn, the CV characteristic was up to 81% of
the initial value, the bearing temperature increased by 6.3%, and the torque value increased by 32%.
This indicates that the CV method is more sensitive to wear failure. Due to better wear resistance,
the copper alloy bearing showed only slightly wear and a small increase in its CV value. The
main contribution is that the CV method is useful for monitoring the lubricated condition and for
evaluating the tribological properties of bearings. This research has laid technical foundations for the
engineering of the sliding bearing wear monitoring system based on the CV method.

Keywords: contact voltage method; tribological properties; bearing; monitoring

1. Introduction

Marine diesel engines must endure continuously heavy loads; therefore, it is inevitable
that they will experience increased frictional power consumption and wear. The frictional
power loss caused by the bearing account for about 25% of total friction loss [1]. The main
bearing of a marine diesel engine is subjected to cyclical alternating loads, and the main
bearing is prone to excessive wear and axle holding failures, which seriously affect the safe
operation of a vessel. On-line monitoring of wear on the main bearing of the engine would
greatly improve reliability for a vessel.

Current methods for on-line monitoring include temperature monitoring, oil mist de-
tection, the vibration method and oil analysis. The temperature method needs to perforate
the back of the bearing [2,3]; the oil mist detection [4] and vibration methods [5–9] are not
sensitive to failures; and the oil analysis technology [10] can only be used for monitoring
the overall wear of the engine, but it cannot determine the specific worn part. Recently,
more and more attention has been paid to deep-learning-based approaches with automatic
feature learning capability. Shao, H. et al. built a new framework for rotor-bearing system
fault diagnosis by using CNN with transfer learning [11]. Yu Zhang et al. built a data-
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driven model by Grey-box modelling, for studying the swirl characteristics in a gas turbine
combustion system [12].

Sugumaran, V. et al. used PSVM to build a fault diagnosis system. The results show
the effectiveness of the extracted features from the acquired signals in the diagnosis of the
machine condition [13]. However, this approach needs to be based on sensitive signals.
Therefore, these methods have certain limitations.

The CV methods are used to monitor the CV potential between the main bearing and
the crankshaft. The main bearing and the main journal generate frictional heat due to
hydrodynamic lubrication, and the generated heat makes more active free electrons on the
main journal flow to the ground by the tunnel effect [14]. Therefore, there is a voltage be-
tween the crankshaft and the ground. A CV sensor is used to measure CV signals caused by
wear of the main bearing, and this is analysed by extract characteristics to support on-line
monitoring of the wear status of the main bearing. James et al. compared the calculated
oil film thickness with the test CV signal and proposed that the CV signal can reflect the
oil film thickness of the bearing [15]. Suzuki et al. took a four-cylinder diesel engine and
tested the relationship between the bearing temperature, the axis orbit, and the contact
potential, then verified the effectiveness of the contact potential for monitoring the bearing
wear status [16]. Zhu Jun et al. designed a CV sensor and verified its potential contact
signal with good repeatability, and then confirmed the effectiveness of the pyroelectric
method in monitoring wear of the main bearing in marine diesel engines [17]. The wear
characteristics of the main bearings of marine diesel engines are not only related to the in-
herent characteristics of the materials, but also relate to the characteristics of the mechanical
system. This involves many factors, such as mechanical load, speed, working environment
and properties of the materials. Therefore, a single factor friction test is required to analyse
the influence of different working conditions on the characteristics of the bearing wear.
Tadashi et al. used a rotor test bench to verify whether the CV methods could be used to
evaluate the impact of bearing coatings on the performance of bearing lubrication, and
proposed that the contact potential was more sensitive to changes in bearing lubrication
performance than the friction coefficient [18]. Ohta et al. used acoustic emission, vibration,
temperature and the CV signals to evaluate the state of the different bearing conditions
and analysed the relationship between the various signals [19]. C. Priestner and Allmaier
H. researched the fatigue wear test bed of the “sapphire” bearing bench and established
an elastodynamic model (EHD) while considering the micro-bump model [20,21]. The
bearing temperature parameters verified the accuracy of the model. They then analysed
the influence of the load and the lubricating oil on the friction power consumption, the
maximum peak pressure, and the minimum oil film thickness. The previous work proved
that asperity contact could be accurately monitored using the contact potential, and the
feasibility of using the contact potential to monitor the lubrication condition of a bearing
was verified [22]. However, the relationship between the friction mechanism and the CV
characteristic value has not been extracted and the relationship between the amount of
wear and the CV signal has not been determined.

The three main contributions of this paper are:

(i). The boundary lubrication state of aluminium and copper alloy bearings on the fatigue
wear test bench were found through tests of the different parameters;

(ii). The relationship between the CV signal of the different bearing materials and their
friction characteristics was established;

(iii). Compared with the torque and temperature, the CV potential was more sensitive to
wear fault.

2. Experimental

The bearing fatigue test bench integrated the hydraulic lubrication system and the CV
measurement system into a comprehensive performance test bench that could perform the
tribology test and CV wear monitoring of the bearing. The test system schematic and an
image are shown below, in Figures 1 and 2, respectively.
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Figure 1. Bearing fatigue test bench testing system schematic.

Figure 2. The fatigue test bench.

A crank and connecting rod mechanism were used to simulate the working condition
of the bearing on the test bench. This included the main motor, the coupling, the support
and the test bearing seats, the eccentric crankshaft, the connecting rod, and the support and
test bearings. The maximum speed of the shaft could be up to 3000 r/min, and the highest
pressure of the test bearing was 150 MPa. The K-type armoured thermocouple was used to
measure the temperature of the tile back. A pair of the eddy current displacement sensors,
with a ±45◦ distribution, were used to measure the axis trajectory and the minimum oil
film thickness [23]. The CV sensor measured the CV signals. Shell 10 w-30 Oil was used in
the experiment.

Currently, copper and aluminium alloy bearings are mostly used in medium- and
high-speed marine diesel engines. To consider the influence of metal materials on the CV
characteristics of the bearing, the copper and aluminium alloy bearings were selected as
test objects, the parameters for which are shown in Table 1.
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Table 1. Frictional accessory material.

Bearing Material 1
(Copper Alloy)

Bearing Material 2
(Aluminium Alloy)

SS400 + CuPb24Sn SPHC + AlSn20Cu

3. Lubrication Characteristics Test

In actual working conditions, the internal flow field of the bearing is in a state of
coupling of viscous dissipation (heat generated by friction), viscosity temperature of
lubricating oil and lubricating oil flow. The bearing achieved thermal equilibrium in the
coupling of various parameters, whereas the tribological and CV characteristics of the
bearing varied in different states of thermal equilibrium.

Different working condition parameters correspond with the varying lubrication states
of the bearing. A bearing in the boundary lubrication state is more prone to wear. Therefore,
the lubrication test with the different parameters was conducted to discover the boundary
lubrication state. This was followed by fatigue wear tests to study the relationship between
wear and CV signals.

Related studies have shown that bearing lubrication is affected by many factors, such
as thickness of the pad, load, speed, bearing alloy thickness, the inlet oil temperature,
the initial load, and the feed oil pressure, where the inlet oil temperature and the load
lubrication of the bearing have the greatest impact [24]. Boundary lubrication is a friction
state between oil lubrication and dry friction [25]. A sudden change in the temperature
of the bearing indicates that the bearing starts to enter the boundary state. With further
increases in bearing load and oil inlet temperature, the bearing temperature will increase
sharply. When the increasing speed of the bearing temperature decreases, the bearing
is finished and leaves the boundary state, which could be considered as it entering the
dry friction state. In order to create fatigue wear failure, the finishing point of boundary
lubrication was taken to be the experimental state.

3.1. Variable Load Test
3.1.1. Test Programme

The load of the bearing determines the carrying capacity. The greater the load, the
worse the lubrication state of the bearing. Considering the poor wear resistance of the
aluminium alloy bearing, the initial load of the bearing was set to 10 MPa, and the load
increased by 5 MPa until entering the boundary lubrication state for the test. When the
bearing temperature of each load was found to be stable for 10 min, experimental data
were recorded.

3.1.2. Lubrication Status Parameter Analysis

Figure 3 presents a comparison of the bearing temperature and torque of the two
bearings in different loads. It shows that the bearing temperature of the materials rises
with the increased bearing load. The bearing temperature of the aluminium alloy bearing
began rising at 20 MPa, and it rose slowly with the increase in the load after the bearing
load reached 35 MPa. The aluminium alloy bearing was at its boundary lubricating point
when the bearing load was 35 MPa. This is because the temperature signal had a certain
degree of thermal inertia; the torque signal is more sensitive to changes in bearing load;
it rises with the increasing bearing load; and its increment slows down after reaching the
boundary lubrication state.
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Figure 3. Comparison of bearing temperature and torque at different bearing loads.

The variations in the bearing temperature and the torque of the copper alloy bearing
are basically the same as the aluminium alloy bearing. Due to the better wear performance
of the copper alloy, the load of the boundary lubrication point reached 50 MPa. Aluminium
alloy bearing shells have better thermal conductivity; therefore, more heat is transferred
to the bearing seat through heat conduction. The torque and bearing temperature of the
copper–lead alloy were higher in the boundary lubrication state, with the torque reaching
up to 7.02 N·m, and the bearing temperature reaching 82.3 ◦C.

3.1.3. Minimum Oil Film Thickness Analysis

Figure 4 shows the curve of the oil film thickness of the two bearings at different
bearing loads. It demonstrates that the oil film thickness was relatively stable. There are
two peaks and valleys in the range of the 360◦ crank angle (CA), which are related to
tension and compression pressure of the load.

Figure 4. Comparison of oil film thicknesses of different bearing loads.

Figure 5 displays the curve of the minimum oil film thickness of the two bearings.
It shows that when the load of the bearing increased, the movement range of the shaft
expanded, and the minimum oil film thickness became thinner. The minimum oil film
thickness of the aluminium alloy bearing was reduced to less than 5 µm to reach the
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boundary lubrication state, whereas the minimum oil film thickness of the copper alloy
bearing was reduced to less than 7 µm to reach the boundary lubrication state.

Figure 5. The minimum oil film thickness curves of the two bearings.

3.2. Variable Inlet Oil Temperature Test
3.2.1. Test Programme

Oil viscosity was lower when the temperature was rising, and this led to less bearing
ability to carry the dynamic pressure of the oil film. Hence, the initial temperature of the
lubricating oil was 50 ◦C, which kept the bearing at its optimum performance.

The test ran with a 10 ◦C increment each time, and the load was increased by 5 MPa
until entering the boundary lubrication state for the test. Experimental data were recorded
when the bearing temperature of bearing was stable for 10 min.

Based on the data provided by the variable load test, two materials were determined
to be used in the variable inlet oil temperature test—the aluminium alloy bearing, set to
35 MP, and the copper alloy bearing, set to 50 MPa.

3.2.2. Lubrication Status Parameter Analysis

Figure 6 shows a comparison of the bearing temperature and the torque of the different
oil inlet temperatures. It demonstrates that the bearing temperature and the torque of the
bearing both increase when the inlet oil temperature rises. Due to the viscosity temperature
effect of the lubricating oil, the frictional power consumption and the torque increased
with the temperature of the inlet oil. The bearing temperature was more sensitive to the
change in temperature than to the change in load. Due to the heat conduction effect, the
bearing temperature increased sharply with the rise in the oil inlet temperature.

The copper alloy bearing had better wear resistance. Lead in the copper alloy increased
its resistance to adhesion and resulted in better compliance and embeddedness. Therefore,
its torque increased gently after entering the boundary lubrication state (70 ◦C).

3.2.3. Minimum Oil Film Thickness Analysis

Figure 7 shows that the bearing with an inlet oil temperature of 50 ◦C was in a good
state of lubrication, and the fluctuation of its oil film thickness was small, which indicated
the narrow movement of its axis. As the oil inlet temperature increased, the viscosity of the
lubricating oil decreased, and the bearing capacity of the bearing reduced, which allowed
it to fluctuate easily with the thickness of the oil film at the different crank angles.

Figure 8 shows that with the increase in the oil inlet temperature, the minimum oil
film thickness of the two bearings decreased, and the minimum oil film thickness decreased
slowly after reaching the boundary lubrication state.
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Figure 6. Comparison of bearing temperature and torque at different inlet oil temperatures.

Figure 7. Comparison of the oil film thickness of the bearing with the different oil inlet temperatures.

Figure 8. Curves of minimum oil film thickness of the two bearings.
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4. Fatigue Wear Test

The oil inlet temperature and the bearing load in the boundary lubrication state were
determined by the lubrication characteristic test. First, the lubricating oil pump and heater
heated the lubricating oil to the specified temperature. The motor speed was then adjusted
to 1500 r/min. Next, the bearing load was adjusted to the boundary lubrication load. The
amount of bearing wear after the bench operated was measured every five hours. This step
was repeated four times during the 20 h fatigue wear test.

4.1. Wear Evaluation Method

The worn surface morphology also varied with the different surface roughness of the
bearing. In this study, the wear amount was evaluated by bearing thickness, clearance
and roughness. A nine-point average method was used to evaluate the change in bearing
wear. Considering the small radius of the curvature of the bearing, the thickness of the
bearing was measured with a double-pointed micrometer. The clearance of the bearing
was measured by the lead pressure method, whereas the surface roughness of the bearing
was measured with a SJ-210 roughness meter (Mitutoyo, Kanagawa prefecture, Japan).

4.2. CV Signal Analysis Method
4.2.1. Repeatability Analysis of CV Signals

The CV signal is a weak electric signal with a strong background noise. It needs to be
analysed and processed by signal filtering and equalising the crank angle. For example,
take the instantaneous CV signal of a copper alloy bearing under 1500 r/min, 10 MPa
working conditions to analyse the stability of measurement data. Figure 9 presents a
continuous measurement of the CV signal for five cycles, the peak positions of which are
the same, and the correlation coefficient of the pyroelectric signal is above 0.955, indicating
that the pyroelectric signal has a good repeatability.

Figure 9. CV signal of copper alloy bearing (1500 r/min, 10 MPa).

4.2.2. Extraction of CV Eigenvalues

Figure 10a shows the CV and bearing load signals. It can be seen from the bearing load
signal that the bearing had an alternating load. In addition, the compression peaks and
the tensile troughs appeared at 45◦ CA to 135◦ CA and 225◦ CA to 315◦ CA, respectively,
which corresponded with the maximum compressive load and maximum tensile load of
the connecting rod. Several studies have shown that the area where the bearing load is
heavier is the easily wear-prone area [26], and the CV signal is more sensitive to the wear
area of the bearing [27]. Figure 10b shows the CV signal and the oil film thickness signal.
The moment when the oil film thickness is smaller corresponds with the peak value of
the CV signal. When the oil film thickness is small, there is asperity contact between the
bearing and the shaft, which leads to an increase in the CV signal.
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Figure 10. Comparison of different signals of copper alloy (1500 r/min, 10 MPa).

Therefore, it can be considered that the CV value increases at the time when the
bearing wears out. Considering that the average value reduces the contingency of the peak
value, the average values of 45◦ CA to 135◦ CA and 225◦ CA to 315◦ CA are extracted as
the characteristic value CV signals, which are the tensile eigenvalues and the compression
eigenvalues, respectively.

4.3. Analysis of Fatigue Test Results
4.3.1. Analysis of Bearing Wear

Figure 11 shows images of the bearing with the different wear times. Following the
fatigue wear test, the bearing surface is shown to have different degrees of wear. The wear
resistance of the aluminium alloy bearing was poor, and the surface was badly worn. The
bearing displayed severe strain and burn marks after 10 h of testing. The surface of the
copper alloy bearing was ternary electroplated; therefore, the nickel alloy wear-reducing
layer was formed, which had better wear resistance. There was no obvious alloy exposure
phenomenon on the surface of the copper alloy bearing after the 20 h test.

Figure 11. The bearing pictures after the test.
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Table 2 shows the results of the surface condition of the aluminium alloy bearing
measured at different times. As the wearing time increased, the wear of the bearing
increased. In Figure 12, the thickness of the bearing decreased by 0.11 mm, and the bearing
gap increased by 0.10 mm in the first 10 h. The thickness decreased by 0.09 mm from
hours 10 to 15, and the bearing gap increased by 0.08 mm. The thickness decreased by
0.14 mm from hours 15 to 20, and the bearing clearance increased by 0.14 mm. The image
of the aluminium alloy bearing showed that following the 10 h fatigue wear test, the
wear-reducing layer of the bearing was slowly peeling off. After the bearing was worn to
the alloy layer, the wear amount increased more obviously, and severe wear of the bearing
could be determined.

Table 2. The measurement results of the surface condition of the aluminium alloy bearing at
different times.

Time (h) Bearing Clearance
(mm)

Lower Bearing
Thickness (mm)

Lower Bearing
Roughness (µm)

0 0.141 1.818 0.707

5 0.146 1.812 0.778

10 0.148 1.808 0.882

15 0.154 1.798 1.232

20 0.162 1.788 2.332

Figure 12. Bearing wear at different wear test times.

Table 3 shows the results of the surface condition of the copper alloy bearing measured
at different times. As the fatigue wear test time increased, the wear of the copper alloy
bearing also increased. Figure 12 shows how the wear amount of the copper alloy increased
slowly. With better wear resistance, the wear-reducing layer of the copper alloy bearing
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was still there, and there was no peeling of the alloy layer. After 20 h of the wear test, the
bearing clearance only increased by 0.012 mm, and the thickness of the lower was reduced
by 0.010 mm. The hardness of the copper alloy was lower, and its surface roughness
increased by 1.545 µm.

Table 3. Measurement results of the surface state of the copper alloy bearing at different times.

Time (h) Bearing Clearance
(mm)

Lower Bearing
Thickness (mm)

Lower Bearing
Roughness (µm)

0 0.140 1.820 0.787

5 0.145 1.816 0.812

10 0.149 1.813 0.982

15 0.151 1.812 1.232

20 0.152 1.810 2.332

4.3.2. Analysis of Bearing Lubrication Parameters

Figure 13 presents a comparison of the bearing lubrication parameters for the different
bearings with varying wear test durations. As the wear time increases, the torque and the
bearing temperature signals show an upward trend. Combined with the measurements of
wear amount, it can be seen that the wear amount of the aluminium alloy bearing increased
in the third and fourth hours of the five-hours wear test. This is because the poor lubrication
state increased friction power consumption, and the corresponding bearing temperature
and torque increased significantly. However, the torque and bearing temperature of the
copper alloy bearing increased slightly, indicating its good abrasion resistance.

Figure 13. Comparison of bearing lubrication parameters of different bearing shells with different wear test durations.

Figure 14 shows a comparison of the oil film thickness of the different bearings. With
the extension of the fatigue wear test time, the oil film thickness of the aluminium alloy
bearing varied greatly, in the range of 5~160 µm. The copper alloy had the better wear
resistance, and its oil film thickness was relatively stable, with small fluctuations in the
range of 5~98 µm.
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Figure 14. Comparison of oil film thickness of different bearings with different times.

Figure 15 presents a comparison of the minimum oil film thickness of the different
wear test durations. As the fatigue wear test progressed, the minimum oil film thickness of
the two bearings decreased. When the bearing was severely worn, the minimum oil film
thickness was below 5 µm.

Figure 15. Comparison of minimum oil film thickness for different wear test durations.

4.3.3. CV Signals

It can be seen in Figure 16 that the CV of the copper alloy bearing was relatively high.
This was due to the Seebeck coefficient of the copper alloy being positive, whereas the
Seebeck coefficient of the aluminium alloy is negative. However, because the material of
the main shaft was mainly steel—the Seebeck coefficient of steel is also negative—therefore,
the Cu–Fe CV potential was more active than the Al–Fe CV potential, resulting in the
copper alloy bearing having a higher CV potential. With the extension of the fatigue wear
test time, the CV characteristic value of the aluminium alloy bearing rose, and when the
aluminium alloy bearing was seriously worn out, the average values of the CV signals
increased as a whole. Not only did the bearing load increase at the time when the bearing
load was at its maximum, but the CV signals at other times also increased. Due to the
better wear resistance of the copper alloy bearing, its CV amplitude increased less.
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Figure 16. CV signals of the different wear times.

It can be seen from Figure 17 that with the extension of the bearing wear time, the
CV characteristic values show an upward trend. Due to the larger wear amount of the
aluminium alloy bearing, the CV characteristic value of this bearing increased significantly,
from around 2.25 mv at the beginning to around 4.1 mv. The CV characteristic value of
the aluminium alloy bearing increased by 95%, whereas the CV characteristic value of the
copper alloy bearing only rose by 50%.

Figure 17. Comparison of CV characteristic values of different wear test durations.

From Figure 18, it can be observed that with the increase in the bearing clearance,
the increase in CV signal, bearing temperature and torque showed an upward trend. For
the aluminium alloy bearing, when the clearance increased by 0.010 mm, the aluminium
alloy bearing began to wear out. The CV characteristic value increased by 46.3%, whereas
the temperature signal and torque signal only increased by 5.1% and 11%, respectively.
Along with the progress of the test, the wear amount further increased because the bearing
was in the boundary lubrication state. When the wear amount reached 0.20 mm, the
CV characteristic value increased by 63.6%, the torque signal increased by 20%, but the
temperature signal did not increase significantly. When the test reached the end, the
clearance increased by 0.035 mm and the CV characteristic value of the aluminium alloy
increased significantly, up to 81%, whereas the bearing temperature rose by 6.3% and the
torque value increased by 32%. However, for the copper alloy bearing with better wear
resistance, the CV characteristic value increased by 50%, the bearing temperature of the
aluminium alloy increased by 3.8%, and the torque value rose by 16%. This shows that the
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CV tensile characteristic value increase is more sensitive than the bearing temperature and
the torque increase.

Figure 18. The relationship between wear and thermoelectricity.

5. Conclusions

In this study, bearings of different materials were used as research objects. The
boundary lubrication states of the aluminium alloy and the copper alloy bearings were
determined through lubrication characteristic tests. This was followed by a 20 h boundary
lubrication state bearing fatigue wear test to establish the relationship between the CV
signal characteristics and the friction characteristics. The following conclusions are obtained
from the research:

1. The lubrication state of the bearing is mainly affected by the lubricating oil inlet tem-
perature and the load. The temperature and the torque of the bearing increase with an
increase in the bearing load. However, the increasing rate of the bearing temperature
is lower due to the influence of thermal inertia. The load of the aluminium alloy
bearing and the copper alloy bearing reached 35 MPa and 50 MPa, respectively, the
lubricating oil inlet temperature was 70 ◦C, and the bearing entered the boundary
lubrication state;

2. A 20 h bearing fatigue wear test conducted in the boundary lubrication state demon-
strated that the amount of wear increased with an extension of the bearing wear test
time, and the wear amount of the aluminium alloy bearing was greater after 10 h.
The wear-reducing layer on the surface of the bearing gradually peeled off, and the
wear on the bearing was intensified. The wear on the copper alloy bearing increased
slowly, and its wear resistance was better than the aluminium alloy bearing;

3. There was a strong correlation between the wear of the bearing and the characteristic
value of the CV signals. As the wear of the bearing increased, the characteristic value
of the CV signal showed an upward trend. After 20 h, the CV characteristic value of
the aluminium alloy bearing wear test increased to 195% of the initial value, whereas
due to the good wear resistance of the copper alloy bearing, only slight wearing
was observed, and its CV amplitude increase was relatively small. Different bearing
materials responded differently with the CV signals;

4. Compared with the torque and temperature, the CV potential is more sensitive to
the amount of wear, and the online monitoring of the main bearing wear could be
realised by using the CV method.

Further work that may be undertaken in this area includes: (i) completing tests of
bearings in different fault states, including without lubricating oil, bearing eccentricity, etc.;
(ii) deep-learning-based approaches should be used to analyse the cv signal to identify
bearing fault modes, such as conventional neural network (CNN) Grey-box modelling and
SVM; (iii) employing optimal algorithms, which improve the accuracy of deep-learning-
based methods.
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