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An Experimental Study of Composite Plain Bearings: The
Influence of Clearance on Friction Coefficient and Temperature
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Plain bearings are often used due to their compact dimensions and low cost. Their frictional and wear properties are affected by several
parameters: load, sliding velocity, temperature, and surface roughness, among others. In this article, the authors have experimentally
investigated the influence of clearance size on the friction and wear in composite plain bearings. An experimental rig was designed to
enable the testing of plain bearings in working conditions similar to those encountered throughout their exploitation. Two load levels, two
lubrication types, and four clearance levels were varied, resulting in 48 experiments, as each was replicated twice. The friction coefficient and
bearing temperature were measured during the experiment, while the material loss and change in surface roughness were determined post-
experiment. The results have shown that clearance affects the friction in both the dry running specimens and specimens lubricated using a
solid lubricant (polytetrafluoroethylene).
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Highlights

*  The influence of plain bearing clearance on friction coefficient, temperature, and wear was studied.
*  The experiment was designed as the full factorial; loads, lubrication regimes, and clearance sizes were varied.
* In dry running specimens, the friction coefficient reduces as the clearance size is increased, while in PTFE-lubricated

specimens local minimum must be found.

* Inspecimens tested at 65 N load, the linear relation between the friction coefficient and the bearing temperature was found.

0 INTRODUCTION

The bearings enable relative linear or rotational
motion between the two parts by reducing the
friction coefficient. Plain bearings are a frequently
used bearing sub-type, most likely due to their fairly
simple geometry and low manufacturing cost. Since
no additional rolling elements are required, their outer
diameter is small, while the large contact surface
increases the load-carrying capacity. The performance
of a plain bearing can be evaluated through a number
of criteria, such as its efficiency [1], durability [2], or
load-carrying capacity [3]. As such, it is influenced by
several parameters: load, sliding velocity, operating
temperature, surface roughness, clearance between the
plain bearing and the shaft [4], and material.
Composite materials are often used in the design
of machine elements to provide engineers with a wider
range of possibilities in terms of material mechanical
properties. The composites have diverse mechanical
properties, which are usually achieved by combining
different matrix, filler, and reinforcement materials.
For example, polymer matrices are chemically
resistant but are adversely affected by an increase in
temperature. As noted by Prehn et al. [5], a chemically
resistant polymer matrix (polyetheretherketone
and epoxy resin were used in the referenced study)

embedded with fibre reinforcement (CF) and
filler (SiC) has improved wear properties while
also enabling use in adverse environments, such
as seawater [6]. Further, the working temperature
often narrows the suitable matrix materials to
thermally resistant ones; for example, an increase in
temperature decreases the mechanical properties of
polymers [7], such as the tensile strength, permissible
Hertzian stress, and Young modulus, rendering them
unusable. Increase in temperature reduces the tensile
strength, permissible Hertzian (contact) stress, and
Young modulus of polymer materials. Building on
these premises, a compromise during the selection
of composite materials may be required to achieve
the desired bearing properties, such as the high load
capacity or low power losses.

As a plain bearing material, composites have
several advantages when compared to the traditionally
used bronze alloys [8]: higher chemical resistance,
lower wear rate, vibration damping, and lower
weight. For that reason, there has been a steady rise
in composite use for plain bearing manufacturing.
It should be noted that the composites used as plain
bearing materials are thermal insulators, meaning
that an increase in the working temperature will be
higher. Moreover, to better understand the overall
performance and limitations of the composite plain

*Corr. Author's Address: University of Zagreb, Faculty of Mechanical Engineering and Naval Architecture, Ivana Lucica 5, 10002 Zagreb, Croatia, stanko.skec@fsb.hr 547



Strojniski vestnik - Journal of Mechanical Engineering 65(2019)10, 547-556

bearings, most of the current research efforts are
focused on the analysis of tribological properties [9]
and [10], the optimization of design itself [11] and
[12], application of novel materials and coatings [13]
and [14], or studying the lubrication models [15].

Generally, the research on tribological properties
includes studying the adhesion, friction, wear, and
lubrication of surfaces in contact [16]. The tribological
properties of the composite materials such as the
friction coefficient and wear rate can be improved by
altering the orientation, volume fraction, and shape of
the reinforcements. For example, El-Sayed et al. [17]
found that, for the observed composite material, the
lowest friction coefficient is achieved using either
transversal or longitudinal fibre orientation. Moreover,
increased volume fraction was found to have a
beneficial effect on both the wear rate and friction
coefficient. By varying the whisker aspect ratios,
Ji et al. [18] determined whether the reinforcement
shape affects the frictional and wear properties of the
composite. Whiskers with lower aspect ratios resulted
in more stable mechanical properties. Masripan et al.
[19] studied the effect of hardness on a plain bearing’s
tribological properties. The authors concluded that
using the hardest test specimen will result in the lowest
friction and, consequently, the lowest wear. The design
can be enhanced by altering the microgeometry; with
surface texturing being one of the methods. Rahmani
and Rahnejat [12] used analytical methods to optimize
texture geometry of composite reinforcements.
Orientation and layout of the surface fibre were varied
to increase the load capacity.

When aiming to improve the performance of a
bearing-shaft system, in addition to the design and
material selection, the use of lubricant is essential.
It reduces the friction and material wear in plain
bearings and, consequently, improves their efficiency
and service life [20]. The lubricants can be either
liquid (greases, oils), solid or gaseous. In composite
materials with a polymer matrix, lubricants can be
impregnated into the matrix, or the running can be
dry (no lubricant). This research study is focused
on solid lubricants, which are most often used
when a continuous adherent film is required in the
rubbing surfaces [21], a case encountered in plain
bearings. The key advantage to solid lubricants in
bearing design is simplicity; there is no need for a
lubricating system. Additionally, they ensure uniform
friction coefficient and increased permissible contact
stresses at the cost of a limited lifetime and modest
heat dissipation properties [22]. For lubrication of
polymer materials the diamond-like carbon (DLC),
polytetrafluoroethylene (PTFE), and MoS, are the

most widely used solid lubricants, with PTFE often
described as promising [23].

For the dry running specimen, Rezaei et al.
[4] conducted an experimental study using the
oscillatory motion, often found in mechanical joints.
The clearance was found to have a significant impact
on the contact stress distribution. No further studies
considering the influence of clearance on dry running
plain bearings were found.

For this reason, in this article, the authors
investigated whether the clearance has an influence
on friction coefficient and wear in plain bearings
operating at constant rotational speed, as found
in mechanical transmissions. The rotational shaft
movement was used instead of the oscillatory one to
more precisely simulate a bearing-shaft system [4].

1 METHODS

The main goal of this experimental study was to
determine how the clearance affects the friction
coefficient between the bearing and shaft, and the
wear of the composite bearing itself. The experimental
rig is described in Section 2, while the variables of
interest and associated levels are given in Section 2.1.

The plain bearing specimens made of NORDEN
Marine 605 composite are coupled with the shaft
made of AISI 316. The composite consists of a
thermosetting resin reinforced with synthetic fabric
and impregnated with solid lubricants to enhance the
dry running capabilities. As such, it is an orthotropic
material. Its mechanical properties are shown in Table
1. Additional manufacturer-provided data that includes
the composite material specifications, machining
recommendations, and handling information can be
found in [24].

The influence of clearance on the composite plain
bearing performance regarding the bearing efficiency
and durability was assessed for both the dry running
and lubricated specimens. Solid lubricants were
applied instead of the liquid ones to avoid the swelling
of the polymer matrix. Within the study, polymer
swelling is undesirable since it affects the clearances
that must remain the same during the test run. PTFE
was selected as a lubricant due to its tribological
properties (low friction) and convenient application.

The conducted study is based on the approach
used by Rezaei et al. [4], who studied the clearance
influence on the contact stresses in polymeric
composite journal bearings. Rezaei et al. conducted
an experiment using two different bearings, each
having a different vertical load, clearance, and width.
PTFE filler was used as a lubricant in both bearings.
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In this research study, a full factorial experimental
design was used (more details in Section 2.2). Two
lubrication types were combined with two load and
four clearance levels, resulting in a total of 16 required
measurements per replication. Three replications
were made for each specimen to obtain statistically
relevant data. Each measurement lasted 120 minutes
to avoid the transitional phenomena, thus ensuring the
robustness of results. Level selection is explained in
Section 2.1.

Table 1. NORDEN Marine 605 mechanical properties [24]

Property

Maximum tensile strength [N/mm?] 60
Maximum safe static load [N/mm2] 110
Maximum safe dynamic load [N/mm2] 55
Density [kg/m3] 1300
Maximum water swell [%] 0.15
Maximum working temperature [°C] 100

2 EXPERIMENTAL

The experimental rig was created to emulate the
working conditions, and the loads plain bearings have
to endure during their working life (Fig. 1). The rig
enables the adjustment of bearing load F, by using
weights, which are attached to the ball bearing to keep
a constant orientation of load vector. The ball bearing
is fitted on the outer side of the plain bearing housing,
as shown in Fig. 1. The torque 7 used to overcome the
frictional losses is provided by an alternating current
(AC) electric motor and is measured using the torque
meter. The torque meter of accuracy class 0.2 and a
nominal torque of 20 Nm was used. A plain bearing is
mounted in the housing using the press fit.

The shaft diameter is 34 mm. During the
experiment, the rotational speed of the shaft is
constant. The rotation causes relative movement
between the static plain bearing and the shaft. At
the end of the upper rig arm, a load cell (accuracy
class 0.2, a nominal force of 500 N) is mounted to
enable the measurement of force F,. Sensors were
connected to the data acquisition unit operating using
professional software.

The rig geometry is defined as follows; the
distance L = 150 mm is the distance between the shaft
axis and the load cell. An increase in length L enables
the use of a lower capacity load cell, the advantage of
which is higher test rig accuracy, as the cell sensitivity
is specified as a percentage of the maximum capacity.

Due to a higher thermal expansion coefficient
of the polymer matrix composites, an increase in

temperature will result in a larger decrease in the
clearance, when compared to the steel parts. A
thermometer has been installed to keep track of
the change in temperature, which causes thermal
expansion. The highest temperature is expected in the
contact zone between the bearing and shaft, where
it cannot be measured directly. For this reason, the
thermometer beam is focused on the plain bearing side,
near the contact point. The contactless thermometer
(declared accuracy of £1%) was used to measure the
plain bearing temperature 9. The disadvantages of
using the above-described method to determine the
polymer temperature are shown in [25].

measured

force

plain bearing

7L torque

(friction)
F\V
O bearing
load

Fig. 1. Experimental rig

2.1 Experimental Variables

Preliminary variable analysis and selection were
necessary due to a limited number of runs. The
experimental variables can be divided into three
groups: independent variables, dependent variables,
and control variables. Independent variables serve as
input and are manipulated to determine their influence
on the dependent variables, which is measured
throughout the experiment, while the control variables
remain unchanged to prevent them from affecting
the results. Influences of the following independent
variables were considered in this experimental study:

Clearance - the primary aim of the study was
to conclude whether the clearance influences the
plain bearing friction and wear. The clearance size S,
defined as the difference between the internal bearing
and shaft diameter, was varied. Bearings were made
with bore widths of 34.15 mm, 34.25 mm, 34.5 mm,
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and 34.9 mm, resulting in clearances of 0.15 mm, 0.25
mm, 0.5 mm and 0.9 mm respectively. To diminish the
influence of manufacturing error on the experimental
results, specimens were measured before the
experiment. An internal micrometer with a precision
0f 0.001 mm was used.

Bearing load — is equal to the radial force applied
to the bearing through the shaft. It is included as an
independent variable since, at both ends of the load
spectrum (light and heavy loads), load effect on
the friction coefficient was found. The former was
presented by Myshkin et al. [26] in a review article,
in which an overview of research articles studying
load influence on friction in various polymers was
shown, mostly using the ball-on-disc method. For
light loads, the friction decreases as the load increases,
while the opposite is correct for the heavy loads [27].
Since the Norden Maritim 605 has a polymer matrix,
results are relevant to the case observed in the study
at hand. To account for bearing load (F,,) influence,
two load levels were used. A load of 65 N was chosen
to represent the regular working load, while 115 N
represents the higher end of the load spectrum.

Lubrication — the lubricant is used to reduce the
friction coefficient between the two parts in relative
motion and as such influences the friction coefficient.
Thus, the two lubrication types were included as
independent variables; the dry running specimens
were compared to specimens lubricated using a solid
lubricant, PTFE. It should be emphasized that the lack
of oil film in solid lubrication eases the thermometer
beam focusing.

The following dependent variables were
measured or calculated during the experiment:

Friction coefficient — is one of the key factors for
assessing the efficiency of a power transmission [28];
reducing the friction coefficient will result in lower
power losses. The defined test rig geometry (moment
arm lengths L and r) and the known forces F},, and F,
enable the friction coefficient calculation using Eq.
(1), as follows:

u="2, ()

where F,, [N] is the load cell measured load; L [mm]
the distance between the shaft axis and the load cell;
r [mm] the inner plain bearing radius, and F,, [N] the
applied weight.

Temperature — is known to affect the friction
coefficient between the parts [26]. Moreover, an
increase in the temperature causes thermal expansion,
reducing the previously measured clearances. The

low thermal conductivity of the matrix should
also be noted, as the expected contact temperature
could be higher than the measured one. To enable
the assessment of thermal influence on the friction
coefficient, it is selected as a dependent variable and
tracked throughout the experiment. As described
in Section 2, a contactless thermometer was used
to measure the change in temperature close to the
point of contact. By keeping track of the changes in
temperature, it is possible to determine the magnitude
of thermal expansion.

Wear — to determine the influence of the clearance
on composite plain bearing wear, specimens were
weighed before and after the experiment [29]:

Am = my g — Mgy 2

where m;,;i. [mg] and myg,, [mg] are bearing masses
before and after the experimental run, respectively.
The digital scale with an accuracy of 0.001 g was
used to weigh the specimens. The PTFE-lubricated
specimens were weighed before and after lubrication.

Surface roughness — although the influence of
surface roughness on the friction coefficient exists,
as demonstrated in [30], it was not considered in
this study. However, mean surface roughness was
measured before and after the experiment to keep
track of the smoothing effect. All the specimens
were to be manufactured with the equal mean surface
roughness of Ra = 3.2 um. Its values are measured in
the axial direction before and after the experiment to
provide data for possible future studies. The authors
used a roughness tester with a resolution of 0.002 um
at a 25 pm range.

Lastly, the following variables were chosen as
constants:

Sliding velocity — the sliding velocity influences
both the friction and wear [8], but was not considered
within this research study. According to Myshkin,
et al. [26], for insignificant variations in contact
temperature, independence of friction coefficient in
relation to the sliding velocity can be assumed. The
sliding velocity v, = 0.53 m/s was selected for all the
specimens. Temperature measurements were used for
the validation of the sliding velocity simplification
procedure.

Bearing width — plain bearing width was 27 mm
for all test specimens.

Outer bearing diameter — a value of 39 mm was
used for all the test specimens.
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2.2 Design of Experiment

The experiment was organized as full factorial since
it was difficult to predict the possible interactions
between variables, and whether there are saddle
points within the interval at hand. The clearance size,
lubrication, and bearing load selected as independent
variables (see Fig. 2). Additionally, measurements
were replicated twice to increase the reliability,
resulting in a total of 48 experimental runs.

Bearing load, Fw[N]
65N /115N

Fig. 2. Design of experiment schema

The clearances between the shaft and the
bearings were measured to determine the scale of
manufacturing error (see Table 2).

Table 2. Clearances

Lupi.  Dearing - Theoretical  weagured clearance S, [mm]
) load, clearance
cation FyN] Sthv (mm] | I M

0.15 0128 013 0133

6 0.25 0224 0235 0243

o 05 0511 052 0562
= 0.9 0866 0872  0.882
= 0.15 0145 017 019
S 15 0.25 0224 0241 0246
05 0532 0535 0541

0.9 091 0918 0919

0.15 0145 0147 0147

m 6 0.25 0241 0242 0243
& 05 0532 0535 0536
£ 0.9 0917 0918 093
= 0.15 0165 0.168  0.186
=R 0.25 0251 0253 0.282
3 05 0505 055 058
0.9 0925 0935  0.94

3 RESULTS

A total of 48 measurements have been carried out. All
the specimens were inspected after the experiment
to avoid erroneous measurements. The inspection
procedure consisted of disassembling the experimental
rig and removing the test specimen, which was
then cleaned using the solvent cleaner. After the
cleaning, visual inspection using a magnification
lens was carried out. During the visual inspection,
the focus was on detecting failure modes caused by
the manufacturing process or inaccurate assembly
(i.e. uneven wear). Failure modes that develop
slowly, such as corrosion or fatigue failure were not
considered since the experiment lasted for only 120
minutes. Uneven wear was the only defect the authors
detected within the study. The authors assume that it
was caused by a misalignment of the plain bearing
and shaft axes. For all the specimens where a defect
was detected, a measurement was repeated.

The relation between the friction coefficient, the
plain bearing temperature, and the clearance is shown
in Fig. 3 (for additional plots see Appendix, Fig. 7).
Dry running specimens displayed inconclusive results;
trends were not consistent for loads of 65 N and 115
N. In the former, greater clearance caused a decline in
the friction coefficient. Measurements on clearances
of 0.25 mm and 0.5 mm found no significant
difference in friction coefficient. For the load of 115
N, friction coefficients displayed a different trend.
The lowest friction coefficient p = 0.184 was found
at the 0.15 mm clearance, followed by p = 0.192 at
the 0.9 mm clearance. In PTFE-lubricated specimens,
results are consistent for both load levels. The highest
friction coefficient was found at the clearance of 0.15
mm. With the increase in clearance, up to 0.5 mm, the
friction coefficient was reduced. The change was more
prominent for the higher load level; the lowest friction
coefficient values were measured for clearance of 0.5
mm. Further increase in the clearances resulted in an
increased friction coefficient. Lastly, when compared
to the PTFE-lubricated specimens, the calculated
friction coefficients were higher for the dry running
specimens.

As shown in Fig. 3, changes in the measured
temperatures are related to the changes in friction
coefficient. The relationship is the most prominent for
dry running specimens under the load of 65 N. The
exceptions were 0.15 mm clearances, for which no
relation with the friction coefficient was found. The
largest deviations were found in dry running specimens
loaded with 65 N and the lubricated specimen loaded
with 115 N. Dry running specimens displayed similar
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behaviour at both load levels except for 0.15 mm
clearance. Increase in the clearances resulted in minor
decreases in the temperatures. For the PTFE-lubricated
specimens, the highest temperatures were measured
at the clearance of 0.15 mm. Increases in clearance
resulted in lower temperatures up to clearance of 0.5
mm; the lowest temperature was measured for both
load levels. Further increase in clearance resulted in
increased temperature. On average, the difference in
measured temperature between the dry running and
PTFE-lubricated specimens was 4.26 °C at the load
level of 65 N, and 4.35 °C at 115 N. When comparing
the load level influence on the temperatures, the
average difference in temperature between the 115 N
and 65 N load was 7 °C for dry running and 6.7 °C for
PTFE-lubricated specimens.

--A-- 65N ©-- 115N
2) —&— 9 (65 N) ®—9(115N)

2 032 43
[ L

0.28 A ° 44
\\ e)

\
0.24 L 20N 40

<
o
T
™
=N

Friction coefficient (mean),

e
=
N
w
]

Mean bearing temperature, $ [°C]

0 0.2 0.4 0.6 0.8 1
b)
5 022 “g
= s
g =S
g 0.18 - 40 E
8 0.14 L 36 &
= =]
2 o
Q en
| =
5 0.1 32 E
5 2
-
0,06 s §
0 0.2 0.4 0.6 0.8 1 =

Clearance, S [mm]

Fig. 3. Influence of clearance on a friction coefficient and
temperature a) dry running and b) PTFE-lubricated

The weighing of specimens has shown that
clearance has an impact on bearing wear (Fig. 4). By
using the experiment data, the average mass loss was
calculated for each test condition. As expected, higher
wear is measured in dry running specimens at both
load levels; on average, usage of the PTFE lubricant
reduced the lost material mass by 1 mg for 65 N and
0.66 mg for 115 N load. The lowest wear was found in

0.5 mm clearance bearings for both lubrication regimes
and load levels. When compared to 0.9 mm clearance,
using 0.15 mm and 0.25 mm clearances causes a
more prominent increase in wear. When comparing
the influence of load levels, dry running specimens
displayed inconclusive results. For clearance of 0.15
mm, lower load resulted in lower wear, while for the
0.25 mm and 0.5 mm clearances higher load coincided
with the lower wear. At the 0.9 mm clearance, average
mass losses due to wear were equal. The behaviour
observed in PTFE-lubricated specimens was similar;
at clearances of 0.15 mm and 0.5 mm, lower wear
was recorded for 65 N load, in contrast to 0.25 mm
and 0.9 mm clearances, which favoured the higher
load. As noted in Section 2.1, mean surface roughness
was measured both before and after the experiment.
For the dry running specimens, the average change
in mean surface roughness was 0.87 um at 65 N, and
0.89 um at 115 N. Lubricated specimens displayed
greater smoothing effect; average change in mean
surface roughness was 1.56 pum at a load of 65 N and
1.28 um at 115 N.

8

8 065 N/ dry

;737 B65N/PTFE

= — O115N/dry

§6 8115 N/ PTFE

<5

= _

s 4

E L

% 3 E

g =

= 2 =|

£ =

=1 =
0 =

0.15 0.25 0.5 0.9

Clearance, §[mm]
Fig. 4. Bearing mass loss for different clearances

4 DISCUSSION

In plain bearings working under constant rotational
speed, the clearance size affects the friction
coefficient, differing from the results for oscillating
movement presented in [4]. For example, at 65 N
loads, the lowest friction coefficient was measured for
0.5 mm clearance. In the vicinity of that value lays the
optimal clearance for a corresponding set of selected
parameters. By either increasing or decreasing the
clearance, the friction coefficient increases.

Lowering the clearance size results in an
increase in the friction coefficient, thus increasing
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the risk of bearing failure. The former statement
was validated by repeating the experiment for the
bearings with clearances of 0.05 mm (Fig. 5). Each
test run, regardless of load level and lubrication
regime, resulted in bearing seizure within the first
hour. The average friction coefficients for the duration
of the experiment were ranging from 0.782 to 0.819
for dry running and from 0.636 to 0.65 for PTFE-
lubricated specimens. Similar results were reported
by Brockwell and DeCamillo in [31], where a small
decrease in clearance size resulted in a steep increase
of the temperature, restricting the rotational velocities.

--------- Friction coefficient Temperature

74
F69 &
r 64 =
39 8
2
L 49 8
P44 B
r 39 &0
F 34 '%
r29 m

24
0 5 10 15 20 25 30 35
Time, ¢ [min]

Fig. 5. Results for PTFE-lubricated specimen (115 N)

On the other side of the spectrum, for the dry
running specimens, the increase in clearance size
resulted in a lower friction coefficient. In PTFE-
lubricated specimens, however, larger clearance
sizes also resulted in higher friction coefficients.
With an increase in clearance size, contact surface
decreased, causing the contact pressure to rise. Using
the procedure presented in [32], in specimens loaded
with 65 N contact pressure of 0.8 MPa was calculated
for 0.15 mm, and 1.9 MPa for 0.9 mm clearance. At
a higher load level, values were 1 MPa and 2.5 MPa,
respectively. It should be added that a study carried
out by Domitran, et al. [25], in which the authors
used polyethylene (PET) samples with the addition of
PTFE, has shown that an increase in contact pressure
also increased the friction coefficient. Building on
these premises, an increase in contact pressure could
affect the increase in friction coefficient in lower
clearance sizes. When assessing the relationship
between the bearing load and friction coefficient,
higher friction coefficients were calculated for higher
loads, regardless of the lubrication regime.

Furthermore, the friction coefficient trendlines
in dry running specimens had a similar shape for

65 N and 115 N loads. The same was found in
PTFE-Iubricated specimens. Exceptions to former
statements were the dry running specimens with 0.15
mm clearance and PTFE-lubricated specimens with
0.25 mm clearance. The differences regarding the
lubrication regime were also noted. In dry running
specimens, the lower friction coefficient was achieved
by increasing the clearance size. For PTFE-lubricated
specimens, optimal clearance must be found. The
optimal clearance will be a trade-off between the
seizure at the low clearance sizes and an increase in
contact pressure in higher clearance sizes.

The clearance affects the temperature of bearing
near the contact point (Fig. 5). However, those
changes are low; the largest difference in temperature
A3 ax = 5.6 °C was measured for bearings operating
at 115 N load with no lubricant. Accordingly, as the
A9, 1s rather low and comparable to the fluctuations
in the ambient temperature, the assumption regarding
the use of constant sliding velocity is valid (see
Section 2.1, [26]). The bearing load was also shown
to affect the bearing temperature. In specimens loaded
with 65 N loads, changes in clearance size resulted in
a linear relationship between the friction coefficients
and measured bearing temperature (Fig. 6). It was
more prominent in PTFE-lubricated specimens,
likely due to a more uniform surface resulting from
the application of solid Iubricant. No distinct trends
were noted for the specimens operating under a
heavier load. The lower friction coefficient results
in a lower frictional force, which in turn reduces the
amount of heat transferred to the bearing and its wear.
Consequently, the lower temperature was measured in
PTFE-lubricated specimens. By further increasing the
clearance size to 0.9 mm, the temperature started to
increase. For the dry running specimens, the bearing
temperature decreased with the increase in clearance.

The lowest mass loss was measured for 0.5 mm
clearances, which proved to be optimal regarding the
wear for all the specimens. Furthermore, with the
increase of clearance size from 0.15 mm to 0.5 mm,
mass loss in specimens working under 115 N load
decreased, after which it rose at a clearance of 0.9 mm.
The similar behaviour was observed in the friction
coefficient. For loads of 65 N, highest wear was found
in 0.25 mm clearances. It was also observed that,
contrary to the higher load level, specimens working
at 65 N load have multiple local minima, suggesting
the need for including additional clearance size levels
in the future studies.
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Fig. 6. Relationship between the friction coefficient and bearing
temperature (not sequenced by the clearance)

Similarly to the friction coefficient and
temperature, the higher load caused more intensive
wear. The larger frictional force, caused by higher
friction coefficient and normal load, resulted in more
intensive bearing wear. Thus, it was expected that a
mass loss will increase as the friction coefficient
increases. However, the experimental results were not
in agreement with the former statement; even though
the increase in wear is expected as the load level rises
[33], no consistency in mass loss depending on the load
was found. The use of lubricant resulted in lower wear
for all the clearances and load levels, as expected. The
mass loss reduction was lower for the higher bearing
load. When considering the surface roughness, even
though the lowest average values were found in 0.5
mm clearance specimens, differences were rather
modest. No bearing load impact was observed as
the lowest change was recorded in the dry running
specimens at 65 N load.

5 CONCLUSIONS

The study of the influence of clearance on the
friction coefficient and wear in composite plain
bearings has been carried out. A total of 48
experimental measurements have been conducted.
The performances of composite plain bearings
manufactured with different clearances were observed
under two levels of load and two different lubrication
regimes; dry running and solid Iubricant applied
(PTFE). Not accounting for the manufacturing error,
four different clearances were observed.

The results have shown that the friction
coefficient is affected by clearance. For the dry
running specimens, the results have shown that

the friction coefficient reduces as the clearance
size is increased. In PTFE-lubricated specimens,
the optimum must be found, as the local friction
coefficient minimum was found inside the observed
clearance size interval. When considering the bearing
temperature, in specimens tested under the 65 N loads,
the linear relation between the friction coefficient
and the bearing temperature was found. The relation
between the temperature and friction coefficient was
found only at the lower load level (65 N), while no
general trends were observed for the wear and surface
roughness change.

Even though the study has shown that clearance
affects the friction coefficient, temperature, and wear
in dry running and PTFE-lubricated specimens, initial
results point out that the further work is required
to determine its optimal values. By decreasing the
interval between the different clearance size levels,
the optimal solution could be found. Increase of a
number of clearance size levels could mitigate the
possible saddle points found when observing wear.
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7 NOMENCLATURES

b bearing width, [mm]

Fy measured force, [N]

F, bearing load, [N]

Fy frictional force, [N]

L distance between the load cell and shaft axis,
[mm]

Am plain bearing mass loss, [g]

r inner bearing radius, [mm]

ARa difference between the initial and final mean
surface roughness, [pm]

S clearance between the plain bearing and the
shaft, [mm]

T motor-provided torque, [Nm]

Vg sliding velocity, [m/s]

9 bearing temperature, [°C]

U friction coefficient, [-]
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