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Abstract

This paper reports on a study of the influence of solid particle contamination on the wear process in water-lubricated 
slide bearings (steel-acrylonitrile-butadiene rubber (NBR) and steel- polytetrafluoroethylene (PTFE)). To compare the 
wear of the shaft journal and bushes (NBR and PTFE) when lubricated with fresh water and contaminated water, an 
experiment was carried out to identify key factors that influence the state of wear of slide bearing. The amount of wear 
was checked by means of geometric structure measurements on the journals, namely, roughness profile measurements 
using both a contact profilometer and an optical microscope. The obtained results enabled correlations between the 
material comprising the sliding sleeve, roughness of the journals and contamination inside the water-lubricated slide 
bearings.
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introduction

To ensure acceptable and fault-free operation of a vessel and 
its propulsion system, it is necessary to constantly monitor 
the diagnostics of all the components. Water-lubricated slide 
bearings are elements highly prone to failure, especially 
when it comes to seawater-lubricated slide bearings in the 
shaft line of propellers in vessels. Their premature wear is 
one of the root causes of repairs to ships, which then leads 
to downtime and an increase in operational costs. Given 
these circumstances, the selection of the correct type of slide 

bearing and an investigation of the impact of lubricants (e.g., 
contaminated water) on the wear process is crucial.

Special consideration should be given to the working 
conditions of the propeller shaft strut bearings (Fig.1). It is 
common to utilize bearings lubricated with seawater that 
surrounds the hull of vessels, where there is not control of 
the water flow and the water is not filtered. Therefore, when 
a vessel is operated in shallow or inland waters, various types 
of contaminants tend to enter the friction zone, resulting in 
accelerated wear processes.
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Fig.1. Propeller shaft strut bearings [1]

Recent research in the literature deals mostly with the 
impact of contamination on oil-lubricated slide bearings. 
Due to the addition of various metallic particles, metal 
oxides, sulfides, carbon and other chemical compounds, such 
lubricating oils have a positive influence on the tribological 
properties of the bearings; the mentioned additions also 
increase the eco-friendliness of the oils [2]. Research was 
conducted on surfactant bearing lubricants based on non-
organic hybrid nanoparticles with an organic outer shell that 
could be added to lubricating oils. However, such agents are 
not stable enough to achieve a sufficient effect on the surfaces 
of bearings; an acceptable lubrication is a combination of many 
contributing factors [3]. Problems related to premature wear 
of the aft stern bearings are reflected in many publications 
and are related to their lubrication [4], [5] as well as factors 
influencing the efficiency of this lubrication, such as vibrations 
[6], [7] or the dynamics of the shaft movement [8], [9].

Throughout the last 100 years, extensive research has been 
carried out that proved the existence of a relationship between 
the size and concentration of solid particles in lubricating oils, 
thickness of an oil film, and wear and temperature of bearings 
[10]–[12]. Among many factors influencing wear of bearings, 
special consideration has been given to the relation between 
the shaft journal hardness and bush hardness [13], influence 
of the initial shaft roughness and texture of the bearings 
[14]hydrodynamic journal bearings may suffer serious 
performance issues due to contamination from moisture, 
dust, foreign particles and wear debris. This experimental 
study investigates the effect of surface texturing on the steady-
state performance characteristics of highly-loaded journal 
bearings lubricated with a contaminated lubricant. Special 
attention is given to the bearings’ load capacity and friction 
and wear at various contamination levels in the lubricant. Rig 
tests have been performed at selected speeds and loads on 
plain smooth and surface-textured journal bearings. Variable-
size test dust was introduced into the lubrication system (at 
different rates. 

A different kind of research focused on diameter wear, 
weight loss of the pin, morphology of the worn elements, 
surface roughness changes, the oil film thickness and friction 
coefficient for different slip velocities. The parameters were 

measured with tribotesters: e.g., ball on disc [15], block on 
ring [16], cylinder on disc [17]–[19] and pin on disc [20], [21].

The subject of water-lubricated bearings is not very 
popular in the literature; however, it is still under research. 
It is unlikely that lubrication-aiding additions could be found 
in seawater. Instead, typical waters where vessels are operated 
are quite contaminated, often by contaminants of natural 
origin, such as sand particles. This is why the propulsion 
system of vessels, especially propeller shaft bearings, is prone 
to seizing, damage and extensive wear and tear, which makes 
replacement of worn parts necessary.

Research of Baltic Sea pollution dealt with the influence of 
various factors on the concentration and spatial distribution 
of sediment delivered by rivers [22], concentration and size 
of solid particles in the aforementioned sediments [23], water 
salinity, and the temperature and turbidity throughout the 
seasons [24]. Also, mineral and geochemical diversity of 
surface sediments [25] and routes for sediment material 
transport from the rivers of the Baltic Sea and North Sea basin 
to the deposit basin of the Baltic Sea have been considered [26]. 

Contamination in the stern bearing of the shaft line 
of a  ship significantly deteriorates the tribological and 
lubricating properties of friction pairs and may cause serious 
failures related to the propulsion system of the ship. Based on 
tests carried out with a tribotester and contaminated water, 
dependencies were found that could be used to select the 
optimal operating parameters to minimize the intensive 
wear of the shaft line slide bearings in a ship. The research 
activities undertaken by the author [27] took into account 
a number of different operating parameters, such as loads, 
sliding velocities and size and concentration of solid particles. 
They showed that with increasing load and sliding speed, 
the coefficient of friction and weight loss decrease, while 
their intensification occurred with an increasing degree 
of contamination in the water. Other researchers also 
determined that the above factors increase wear of bearings 
lubricated with contaminated liquids and pointed to slightly 
different dependencies: they observed an increase in wear 
and an increase in surface roughness with increasing sliding 
velocity, applied load and particle concentration [28] and an 
increase in the coefficient of friction and the amount of wear 
with an increase in the applied load and grain size [29].

In order to improve the tribological properties of water-
lubricated marine stern bearings, various bearing materials 
and their textures are increasingly being investigated 
[30]–[34].

Even though the tests of water-lubricated plain bearings 
containing solid particles were carried out with the use of 
tribotesters, their results may constitute important indications 
for the method of conducting tests on a real object.

TEST METHODS AND WORKING 
CONDITIONS

To minimize the risk of failure caused by unfavorable 
operating conditions in the form of lubricating a sliding node 
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with a liquid containing solid particles, tests were carried out 
to identify the key parameters affecting the speed of the wear 
process of cooperating sliding elements. For this purpose, 
the existing stand for testing water-lubricated plain bearings 
was adapted and rebuilt in such a way that it was possible to 
reliably carry out bearing wear tests in water contaminated 
with solid particles. Figure 2 shows a diagram of the cross-
section of the test stand.

Fig. 2. Test stand description A) diagram of the stand and B) cross-section of 
the stand: 1 - shaft, 2 - tested bearing in a self-adjusting support, 3 - rolling 

bearing, 4 - slide bearing through which the load is exerted, 5 –tank filled with 
water, 6 - cover, and 7 - sealing

A three-phase electric motor was connected to a 30 mm 
diameter shaft by a torsionally flexible coupling. The shaft (1) 
was supported on two bearings: a self-aligning roller bearing 
(3) and a slide bearing located in the self-adjusting support (2), 
which allows the shaft to freely position in the slide bearing 
bush during bending. The shaft was partially located in the 
tank (5) filled with fresh water, which was the medium that 
lubricated the tested bearing. At its end, the slide bearing 
was mounted in the housing (4) through which the load was 
exerted. At the end of the shaft at the bearing mounting point 
F, a frame was attached and loaded with a concentrated force 
that simulated a load with a ship propeller. In front of the 
tank, a rolling bearing was installed, whose task was to ensure 

that the seal (7) and a sealed cover (6) are coaxial at the end 
of the tank. An assembly hole was made that also protected 
against undesirable leakage of water from the tank. Such an 
experimental test stand allowed for a controlled application 
of a bending load on the journal of the tested water-lubricated 
plain bearing.

The test was carried out on a shaft made of a typical high-
alloy steel, namely, an acid-resistant chrome-nickel 1H18N9 
used for ship shafts that operated with two types of bushings. 
The first material used for the research was a fluorinated 
polymer, namely, polytetrafluoroethylene (PTFE), also known 
as Teflon, while the second was acrylonitrile-butadiene 
rubber (NBR), commonly known as rubber. The lubricant 
was fresh water with a temperature of approximately 30oC. 
There was a focus on ensuring the same operating parameters: 
surface pressures in both pairs of bearings B and F, load 
with a concentrated force of 550 N at the bearing mounting 
point F, operating time, sliding velocity and the number of 
start-ups of the stand.

To ensure the same surface pressures while obtaining 
different values of stresses and bending moments, the length 
of the tested bearing bush in support B and the position of 
the supports both B (position I or II) and F (position F1 or 
F2) were manipulated. The above-mentioned parameters 
along with the lengths and positions of the bushings during 
individual measurements are shown in Table 1. 

Measurements from A to D were made on solid shafts, 
two consecutive E and F measurements were made on hollow 
shafts; since the same position and length of the bushes was 
used as in the case of the solid shafts, different values of the 
bending stresses were obtained while maintaining the same 
surface pressure. 

In both series, 6 measurements were carried out for 
each material under the same conditions, and the positions 
and lengths of the sliding sleeves were variable. The dose 
of contaminants supplied to the tank differed with respect 
to the concentration of solid particles in the water, as 
presented in Table 1. They ranged from 5 cm3 to 25 cm3, 
which accounted for from 0.042% to 0.208% of solid particles 
in water. The concentration of solid particles in the water was 
changed to determine whether and to what extent the dose 

Tab. 1. Measurement table

data bending surface pressures contaminants

indication bush length 
B

bush length 
F

position of 
support B 

and force F

 Bending 
moment 

stresses from 
the bending 

moment
in bearing B in bearing F particulate 

dose

average 
concentration 

of solid 
particles

participation 
in a given 
volume of 

water

- mm mm - Nm MPa MPa MPa cm3 ml/l %

A – G 50 28 II, F1 82.4 32.55 0.641 0.654 15 1.25 0.125

B – H 57 28 II, F2 109.87 43.41 0.643 0.654 20 1.67 0.167

C – I 77 28 I, F1 120.86 47.75 0.640 0.654 5 0.42 0.042

D – J 87 28 I , F2 148.33 58.60 0.648 0.654 5 0.42 0.042

E – K 57 28 II, F2 109.87 73.52 0.643 0.654 10 0.83 0.083

F – L 77 28 I, F1 120.86 80.87 0.640 0.654 25 2.08 0.208
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of contaminants in the water that lubricated the sliding node 
impacted the wear of the friction elements.

Figure 3 shows a photograph of solid particles in the form 
of sand - a natural material carried by one of the rivers of the 
Polish Pomerania that originates from the Radunia River. 
Figure 1 shows the percentage of particles of a certain size 
added to the lubricant in which the steel-PTFE and steel-NBR 
tested sliding connections were located. Th e concentration of 
solid particles presented in Diagram 1 constituted less than 
97% of the contaminants identifi ed in the sand sample. Th e 
remaining solid particles from 50-200 µm were very rare and 
accounted for slightly more than 3%. Particles with a diameter 
of up to 2 µm (approx. 42%) had the largest share in the sand 
sample used for the tests. About 23% are particles had a size 
between 2 and 4 µm. Th e number of sand particles decreased 
as their diameter increased.

Fig. 3. Sand particles used in the research observed with a Keyence VHX-7000 
optical microscope

Diagram 1. Concentration of particles from the Radunia River considering 
their size

Each measurement of the sliding node followed the same 
procedure. For the fi rst 10 hours, with two engine starts, the 
bearings were run-in and operated in contamination-free 

water. Th en, the dose of contaminants indicated in Table 1 
was added, and the sliding couple worked for 16 hours when 
the research stand was started twice. Aft er this time, the water 
was replaced and supplemented with the same amount of 
contaminants. Th is cycle was repeated three times. Th e total 
operating time of the bearings during one measurement was 
58 hours, aft er which the bearings were dismounted, and the 
shaft  journals were prepared for further activities related to 
the study of their geometric structure to identify the impact 
of contaminants on the wear of the water-lubricated sliding 
bearings.

results and dIscussIon

Th e tests were carried out for sliding bushings made of NBR 
and PTFE operating both in fresh water and in contaminated 
water containing solid particles. Aft er the experiment, the 
shaft  journals with the bushings were subjected to visual 
wear assessment. Pictures of the surfaces of the journals are 
summarized in Table 2. In all cases, grooves are observed 
along the entire circumference of the journal; however, the 
condition of the journal surfaces lubricated with an agent 
containing solid particles indicates their more intensive 
exploitation.

On the surface of the journals cooperating with the rubber 
bushings one can also observe the predominant one-sided 
wear of the journal, namely, from the side where the load 
was applied due to the defl ection of the shaft  in the support. 
On the other hand, in the case of journals cooperating with 
PTFE bushings, the wear seems to be uniform along the 
entire length of the journal, indicating a more intense wear 
pattern on both edges.

Th e shaft  journals operating in water devoid of solid 
particles are also noteworthy. While in the case of the 

harder material, PTFE, the 
wear diff ers slightly, and in 
the case of the more compliant 
material, NBR, the bushing 
material partially melted, 
transferred to the journal 
and fi lled the circumferential 
grooves due to an increase 
in the temperature of the 
lubricating fl uid.
Thorough examinations of 
the journals were performed 
on a Jenoptik Hommel Etamic 
T8000 contact profi lometer 
and a Keyence VHX-7000 
optical microscope. The 

measured roughness profi les (dependence of the roughness Ra 
[µm] on the length L [mm] of the specimen) of the journals on 
the contact surface with the sliding sleeves showed a change 
in their roughness and material loss on the surfaces of the 
journals. 
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fresh water contaminated water

A

B

C

D

E

F

A

B

C

D

E

F

N
BR

PT
FE

Tab. 2. Photographs of shaft journals cooperating with NBR and PTFE bushings in positions A-F in fresh and contaminated water conditions
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Tab. 3. Roughness profiles of journals cooperating with NBR bushings in positions A-F in fresh and contaminated water conditions obtained with a Hommel Etamic 
T8000 contact profilometer
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Tab. 4. Roughness profiles of journals cooperating with PTFE bushings in positions A-F in fresh and contaminated water conditions obtained with a Hommel 
Etamic T8000 contact profilometer
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Tables 3 and 4 show the roughness profiles (Ra) of the 
shaft journals in the position of the self-adjusting support B 
(samples A-F) after cooperation with the NBR (Table 3) and 
PTFE (Table 4) sliding sleeves that were lubricated with fresh 
and contaminated liquids. The measurements were carried 
out using a contact profilometer.

After cooperation with PTFE, the journals, despite the 
visible shaft edging, were smoother and their profiles had 
a much smoother course. On the other hand, the journals 
that cooperated with the NBR bushings had a more diversified 
roughness profile and greater material losses were noticeable, 

which indicates a more rapid wear process. There also was 
shaft edge bending, but it was less noticeable than with the 
PTFE.

Graphs of the roughness profiles made with an optical 
microscope are presented in Table 5 for the NBR bushings and 
Table 6 for the PTFE bushings. In this section, the profile of 
the roughness of the journals working only in contaminated 
water was limited because the bearings running in water 
without contamination had a much milder and more regular 
course. 

Tab. 5. Roughness profiles of journals cooperating with NBR bushings in positions A-F in contaminated water conditions obtained with a Keyence VHX-7000 
optical microscope
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By analyzing the obtained diagrams and amount of 
contaminants supplied to the system, it was impossible to 
clearly determine how individual doses of the contaminants 
affected the wear process. The smallest doses of solid particles 
were added to the C and D measurements in the amount of 
5 cm3, while the largest dose was for the F measurement in 
the amount of 25 cm3. For the NBR case, it appeared that 
the journal wear depended on the dose of contaminants, but 
in the case of PTFE, this did not appear to be the case, as 
shown by the roughness profiles of journal F in the presented 
diagrams and the condition of its surface. One thing is clear, 
namely, the water lubricating the plain bearings containing 
contaminants in the form of solid particles accelerated the 
wear process of the steel journal and increased the risk of 

failure in the propulsion system of the propeller shaft line 
in the ship.

One may wonder about the differences in roughness Ra 
values among the individual samples. This difference is 
several times higher in the case of measurements using the 
optical microscope. Moreover, the roughness values of the 
journals cooperating with the rubber bushings often exceeded 
the Ra value for the journals mating with the PTFE bushing 
by ten times, which indicates the creation of a more diversified 
geometric structure after cooperation and the more intensive 
wear process of the journals. These differences may result 
from the time interval between the measurements of the 
journals with the profilometer and the microscope; also, with 
such small surfaces, it is impossible to measure the profile at 

Tab. 6. Roughness profiles of journals cooperating with PTFE bushings in positions A-F in contaminated water conditions obtained with a Keyence VHX-7000 
optical microscope 
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exactly the same point. An additional difficulty and a huge 
challenge are also the appropriate arrangement of the sample 
and setting and leveling the measuring instruments in such 
a way as to profile it perfectly on the cylindrical surface.

The observations were also made for the NBR and PTFE 
sliding sleeves. The surface condition after cooperation 
with a steel journal lubricated with water containing solid 
particles is shown in Figures 4 and 5 for the NBR and PTFE, 
respectively.

Fig. 4. The NBR sliding bush (C)

Fig. 5. The PTFE sliding bush (B)

Traces of wear caused by friction are visible on both 
internal surfaces of the bushings. The circumferential grooves 
were the result of sand particles getting between the shaft 
journal and the bush, but deeper grooves were seen in the 
NBR bush. As for the journals, the rubber bushings had the 
greatest wear in the middle of the bushing and at the edge of 
the load application. On the other hand, the wear of the PTFE 
bushings was evenly distributed over the entire surface of the 
joint. Inside, there were visible fragmented sand particles 
embedded in the longitudinal grooves, which could have 

caused detachment the upper layer of the sleeve material, as 
shown in Figure 5.

Due to the observations of the bushings and the geometric 
structure of the journals, it was concluded that the NBR 
was more susceptible to deformation; damping vibrations 
also turned out to be worse than for the three-layer PTFE 
bushings. Factors that could have influenced such a course 
of the wear process of the sliding sleeves are the hardness of 
the material of the sleeves and the geometry of the sleeves. 
Particulate pollutants, like the sand from the Radunia River, 
can act as a cutting tool, especially for soft materials. Sand 
between the bush and the journal „sticks” into the material of 
the bushing, destroying the inner surface of the bush and the 
shaft journal at the same time and forming circumferential 
grooves on its surface. The active surface of both bushings 
was different due to the different number of grooves arranged 
longitudinally along the entire perimeter of the bushings. 
There were 8 NBR bushings and 6 PTFE bushings, which 
could indicate that the load field (i.e., the actual load) of both 
bearings operating under the same conditions was different.

SUMMARY

Based on the conducted research and analysis of the 
results, it can be concluded that both the material and the 
geometry of the bushing as well as the type of contaminants 
(the amount and size of the solid particles) are key parameters 
that influenced the speed of the wear process of the sliding 
node lubricated with liquid containing solid particles. Even 
a small dose of contamination can intensify this process, but 
the higher the concentration of particles in the water was, 
the greater the bearing wear. Undoubtedly, the material of 
the bushing, which showed greater wear resistance during 
operation in the conditions of contaminated water, was 
PTFE. The rubber bushings experienced more intensive wear. 
Misalignment of the shaft in the plain bearing bush caused 
deformation and deflection of the shaft, which led to its edge 
bending and, consequently, accelerated the wear process of 
the friction elements.

The results of the tests carried out may have an impact 
on limiting critical environmental parameters and may 
also allow one to propose the most optimal design solutions 
and selection of optimal bushing materials based on the 
prevailing operating conditions so as to avoid intensive wear 
of friction elements while also ensuring durability, reliability 
and trouble-free operation of the sliding node of shaft lines 
on ships.
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