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Abstract: Nowadays, hydropower plants are forced to have more frequent power control and the
self-lubricated bearings used in the applications are one of the most critical components affected
by the continuously changing operating conditions. In this study, microstructure and composition
of two commercially available bearing materials (Orkot TXM Marine and Thordon ThorPlas) used
in hydropower turbines were studied. In addition, the influence of sliding speed and applied
pressure on the friction and wear behavior of the materials was investigated systematically for
dry sliding conditions. The bearing materials were characterized using X-ray microtomography,
Nuclear Magnetic Resonance (NMR) spectroscopy and Inductively Coupled Plasma–Sector Field
Mass Spectrometry (ICP-SFMS) techniques. Friction and wear tests were carried out with a polymer
pin sliding against a stainless steel (SS2333) plate with a linear reciprocating motion. Test conditions
were: room temperature, 9–28 MPa pressure and 10–40 mm/s sliding speed ranges. Surface analysis
of the polymer pins and the wear tracks were performed by optical profilometry, Scanning Electron
Microscope (SEM) and Energy Dispersive Spectroscopy (EDS) techniques. Test results show that,
for both materials, the coefficient of friction (COF) is decreasing at higher pressures. Surface analysis
reveals higher concentrations of solid lubricants in the transfer layers formed at higher pressures,
explaining the decrease in COF. Furthermore, the specific wear rate coefficients are increasing at
higher sliding speeds, especially at lower pressures. Results of this study demonstrate that, under
dry sliding conditions, changes in sliding speed and pressure have a significant influence on the
tribological behavior of these bearing materials.

Keywords: sliding wear; friction; oscillating motion; self-lubricating; polymer composites; solid
lubricants; X-ray microtomography; hydropower

1. Introduction

The use of renewable energy has increased dramatically over the last few years due to increased
environmental awareness, technological developments as well as tougher legislation and political
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decisions resulting in higher costs of energy production from fossil sources. However, as most of
these energy sources (e.g., wind or solar power) are intermittent in nature, with unpredictable output,
including them in existing power grids puts extra pressure on hydropower to actively control the
power output. Consequently, the self-lubricated bearings used to control the turbine blades and the
guide vanes are one of the most critical components affected. These boundary lubricated bearings
often experience extreme working conditions as they operate at high pressures, low sliding speeds and
small oscillatory movements. It has been reported that the increased control (shift from water level
control to primary control) multiplies the number of load cycles and hence can lead to a reduction of
the useful life of the bearings by a factor of about 20 [1].

In spite of the severity of the issue and additional maintenance and/or replacement costs involved,
only a limited number of studies dealing with wear and friction behavior of commercially available
self-lubricating polymer composite bearing materials used for hydropower applications has been
reported [2–6]. Jones et al. [2] presented an extensive work, studying coefficients of friction and wear
rates in both wet and dry conditions and proposed a rating system for several bearing materials.
Gawarkiewicz and Wasilczuk [3] evaluated wear rates of four bearing materials under conditions
simulating guide vane bearing operation. However, these two studies did not evaluate the influence of
sliding speed and pressure. Moreover, due to a rapid development of the existing and new bearing
materials for hydropower applications, some of these results are no longer relevant.

Based on experience from the Swedish hydropower market, two of the currently most commonly
used materials for hydropower applications are Thordon ThorPlas Blue (ThorPlas) and Orkot TXM
Marine (Orkot). The effect of pressure on ThorPlas bearing material has previously been investigated
for higher pressures (between 45 and 90 MPa) with a maximum sliding speed of 5.4 mm/s. The test
conditions were dry with air cooling of the shaft and bearing and the test was performed using a test
rig that simulates the wicket gate bearing operation in hydro turbines with a major observation being a
decrease in coefficient of friction with increased pressure [4]. However, both the experimental setup and
the test procedure were not reported in sufficient detail and the effect of sliding speed was not studied.
Ando and Sukumaran [5] studied the tribological behavior of Orkot for various loads (corresponding
to maximum pressures between 77 and 143 MPa) and two sliding speeds (10 and 700 rpm). They found
that the friction force increase rate is much more sensitive to high speed and that the friction force
has a tendency towards linear increase at higher loads. Sukumaran et al. [6] also studied the effect
of sliding speed, 10 to 700 rpm, for nominal contact pressures of both 77 and 143 MPa. A very rapid
increase in friction force with sliding speed up to 100 rpm followed by a linear increase with sliding
speed in the range 100–700 rpm were reported. In addition, friction was only marginally affected by
sliding speed at high loads. However, a continuous motion and high sliding speeds were used in the
aforementioned studies of Orkot, and thus not fully transferable to the operating conditions typical for
turbine blades and guide vanes. Furthermore, the wear rates have not been investigated. In addition,
in all of these studies, the experiments have only been conducted at higher pressures and systematical
investigation on the effect of sliding speed and pressure on the friction and wear of these two bearing
materials is missing.

The tribological behavior of other self-lubricated polymer composite materials was a focus of
attention in a considerable number of papers and many of them have investigated the effect of sliding
speed and pressure [7–18]. Studies of polytetrafluoroethylene (PTFE) and polymer composite materials
whereby PTFE was added as a solid lubricant have reported lower coefficient of friction at higher
contact pressure [7–11]. However, no clear description of the underlying mechanism governing the
influence of pressure on the coefficient of friction was given.

Therefore, the objectives of this study are to:

• systematically investigate how changes in sliding speed and pressure influence the friction and
wear of ThorPlas and Orkot.

• investigate how the coefficient of friction is affected by the applied pressure and propose an
underlying mechanism governing the influence of pressure on the coefficient of friction.
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As detailed information on chemical structure, composition and concentrations of fillers, active
additives and impurities in these materials is not readily available, a range of analytical techniques
were used to aid in the interpretation of the tribological results.

2. Materials and Methods

In the following section, materials and methods used for material characterization, tribological
characterization and surface analysis are described.

2.1. Materials

In this study, two commercially available self-lubricating bearing materials for hydropower
and marine applications were investigated. The bearing materials were Thordon ThorPlas Blue
(hereafter referred to as ThorPlas) and Orkot TXM Marine (hereafter referred to as Orkot). ThorPlas is
a homogeneous thermoplastic polymer alloy, made by compounding several resins with additives and
lubricants. The solid lubricants are formulated into substrate and evenly dispersed throughout the
material. Orkot is a medium weave, fabric reinforced thermoset polymer material. Composition of the
material is PTFE woven polyester ID with MoS2 and PTFE lubricants incorporated into wound layers.
In Figure 1b, the brown PTFE fibers (weft) and the light grey/white polyester fibers (warp) can be seen
while the resin matrix can be seen in Figure 1c, as the darker grey areas. In addition, calcium carbonate
(CaCO3) is used as a filler in the material. The characteristics of the bearing materials are listed in
Table 1. Note that, as the bearings manufactured from Orkot are intended to operate at compression,
not tension, information about the Tensile Modulus of Elasticity for this material is missing.

Test specimens of the bearing materials were used in the reciprocating tests in the form of cubes
with the size 4 × 4 × 4 mm3 (Figure 1). In order to minimize the edge effect and remove eventual fibers
that protruded from the surface (visible in Figure 1b), the edges of the load carrying side were gently
polished using SiC sand paper of #P600 grade. A sample with polished edges is shown in Figure 1a.
In order to remove wear debris from polishing and eventual surface contaminations, prepared samples
were cleaned with ethanol, using an ultrasonic bath. Stainless steel plates of SS2333 grade were used
as counter surface. Chemical composition of the austenitic stainless steel used is given in Table 2.
The plates were laser cut and had a dimension of 60 × 30 × 3 mm3 (length × width × height) with
measured Sa surface roughness of 0.31 ± 0.02 µm and hardness of 205 ± 5 HV100. The plates were
cut from a rolling sheet and therefore had a grind parallel to the sliding direction. In order to remove
potential contaminations before the tests, the stainless steel plates were cleaned in an ultrasonic bath,
using ethanol.

Figure 1. Images of the bearing material specimens used for the reciprocating tests, with sliding
direction marked with arrows in the figures, illustrating: (a) ThorPlas load carrying surface with
polished edges; (b) Orkot load carrying surface with the brown PTFE fibers (weft) and the light
grey/white polyester fibers (warp); (c) Orkot from the side with the darker grey areas containing the
resin matrix.
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Table 1. Characteristics of the bearing materials [19,20].

Property Unit Thordon ThorPlas Blue Orkot TXM Marine

Density g/cm3 1.40 1.25

Elastic Modulus:
Tensile Modulus of Elasticity MPa 2930 - 1

Compressive Modulus of Elasticity MPa 2410 2800 2

Tensile Strength MPa 67 55

Compressive Strength:
Compression Strength (D695) MPa 105
Normal to Laminate MPa 280
Parallel to Laminate MPa 90

Compressive Yield Strength MPa 92 90

Hardness:
Shore D - 83
Rockwell M - 90

Thermal Conductivity W/m·K 0.25 2 0.220 2

Maximum Operating Temperature ◦C 110 130 2

1 Information missing; 2 Provided directly by the bearing manufacturer.

Table 2. Chemical composition of SS2333 (Iron excluded) [21].

Element C Si Mn P S Cr Ni

Mass Fraction wt % Max 0.05 Max 1.0 Max 2.0 Max 0.045 Max 0.03 17.0–19.0 8.0–11.0

2.2. Material Characterization

Material characterization has been carried out using X-ray microtomography, NMR spectroscopy
and elemental analysis methods, which are described in this section.

2.2.1. X-ray Microtomography (XMT)

The two bearing materials were scanned using a Zeiss Xradia 510 Versa (Carl Zeiss X-ray
Microscopy, Pleasanton, CA, USA) (see Figure 2). This imaging system combines flexibility with
high-resolution and high contrast capabilities. The maximum spatial resolution in terms of 10%
modulation transfer function (MTF) is 0.7 µm, while the spatial resolution in terms of voxel resolution
(minimum voxel size) is 70 nm.

Figure 2. The experimental setup for the scanning of the bearing materials, using a Zeiss Xradia 510
Versa microtomography system.
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The Zeiss Xradia 510 Versa system is often referred to as a 3D X-ray microscope (XRM) and,
analogous to a light microscope, has multiple detector objectives enabling sample imaging at a number
of resolution and field of view pairings. In this study, samples of the two bearing materials were
initially scanned using a 4× objective with a field of view (FOV) of 6.02 mm and the spatial resolution
5.97 µm. Such scan setup allows the full geometry of the 4 × 4 × 4 mm cubic polymeric samples to be
imaged and analyzed. Based on results of these initial findings, a certain region of interest (ROI) was
identified in each sample and scanned at a higher resolution using the 20× objective. These interior
tomography scans were carried out with the FOV 0.55 mm and spatial resolution 0.55 µm (voxel size),
providing insights into microscale features.

The low-resolution scans were carried out using the X-ray tube voltages of 50 kV (ThorPlas)
and 60 kV (Orkot), and the output effects of 4 W (ThorPlas) and 5 W (Orkot). In these experiments,
1601 projections were acquired with an exposure time of 3 s each, providing a total scan time of
approximately 2 h. The interior tomography scans (the close-up scans of ROI using the 20× objective),
were performed at slightly higher energies: the X-ray tube voltages of 60 kV (ThorPlas) and 70 kV
(Orkot) with the output effect of 5 W (ThorPlas) and 6 W (Orkot). High-resolution interior tomography
benefits from more projection images than for bulk scans, and hence 2201 projections with an exposure
time of 10 s each were acquired resulting in a total measurement time of approximately 8 h per sample.
All scans were carried out without X-ray filters.

The 3D visualization and quantitative analysis of the microstructure in the bearing material
samples were obtained using Dragonfly Pro software (ORS) (Montreal, QC, Canada). The different
phases in the materials were segmented using standard thresholding procedure, enabling volume
fractions of internal phases and the pore size distribution to be calculated.

2.2.2. NMR Spectroscopy

As the composition of ThorPlas was unknown, solid-state 13C Magic Angle Spinning (MAS)
Nuclear Magnetic Resonance spectroscopy (NMR, Bruker Ascend Aeon WB 400 spectrometer from
Bruker BioSpin AG, Fällanden, Switzerland) was used to investigate the chemical structure of the
polymer. The sample was cut into small pieces (<2 mm) and placed into a 3.2 mm rotor. The working
frequency for 13C was 100.63 MHz. Data were processed using Bruker Topspin 3.5 software (Bruker
BioSpin GmbH, Rheinstetten, Germany). The spinning speed was 9 kHz with and 29,478 acquisitions
for the solid-state 13C Cross Polarization (CP) MAS NMR and 40,000 for the “Direct excitation”
solid-state 13C MAS NMR.

2.2.3. ICP-SFMS

Chemical composition of the bearing materials, with respect to inorganic elements, was measured
by Inductively Coupled Plasma Mass Spectrometry (ICP-SFMS) technique. All sample preparation
was conducted utilizing high purity reagents: de-ionized Milli-Q water (Millipore, Bedford, MA, USA)
further purified by sub-boiled distillation in PTFE stills (Savillex, Minnetonka, MN, USA), nitric acid
(HNO3, from Sigma-Aldrich Chemie GmbH, Munich, Germany) and hydrofluoric acid (HF, 48%,
Merck Merck KGaA, Darmstadt, Germany). All laboratory ware coming into contact with samples or
sample digests was soaked in 0.7 M HNO3 (>24 h at room temperature) and rinsed with MQ water
prior to use.

Polymer samples (weight in the range 0.06–0.1 g) were accurately weighed into a 12 mL PTFE
vials before the addition of 5 mL 14 M HNO3 and 0.1 mL HF. Vials were placed into a carousel with
numbered slots, which was then loaded into the PTFE-coated UltraCLAVE digestion system reaction
chamber containing a deionized water–H2O2 mixture (10:1 v/v). The chamber was pressurized with
compressed argon and a preprogrammed digestion cycle (30 min ramp to 220 ◦C followed by 20 min
holding time at that temperature) was initiated. Set of method blanks was prepared with each batch of
samples. Aliquots of the digests were diluted 50-fold with 1.4 M HNO3, providing a total digestion
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factor of approximately 1000 v/m, and analyzed by ICP-SFMS (ELEMENT XR, Thermo Scientific,
Bremen, Germany) using a combination of internal standardization and external calibration [22].

2.3. Friction and Wear Tests

The reciprocating sliding tests were carried out using a CETR UMT-2 tribometer (CETR, San
Jose, CA, USA) with linear reciprocating motion drive and a pin-on-disc test configuration, illustrated
in Figure 3. The upper carriage consists of a block with dual friction force and normal load sensor.
A polymer sample holder is mounted on the block. The polymer pin consisting of bearing materials is
placed inside the polymer sample holder. The carriage is lowered for loading the polymer pin against
the stainless steel plate. The stainless steel plate is mounted on the lower drive, allowing for linear
reciprocating motion.

Figure 3. Schematics of pin-on-block test configuration used for friction and wear tests, with the front
view to the left and the side view to the right.

The tribological tests were carried out at three different normal loads of 150, 300 and 450 N,
corresponding to a nominal surface pressure of 9, 19 and 28 MPa. For each load, tests were performed
at different sliding speeds of 10, 25 and 40 mm/s. The selected operating conditions (pressures
and sliding speeds) are typical for hydropower applications, based on experience from the Swedish
hydropower industry. In order to systematically investigate how sliding speed and pressure influences
friction and wear, the total sliding distance was kept constant at 2000 m for all tests resulting in a test
duration of 14 to 56 h. Tests were performed at room temperature and each test was repeated three
times. A summary of test conditions is presented in Table 3.

Table 3. Test conditions during friction and wear tests, using CETR UMT 2 tribometer.

Test Parameter Unit Value

Sliding speed mm/s 10–40
Normal load N 150–450
Nominal surface pressure MPa 9–28
Total stroke length mm 5
Test duration h 14–56
Total sliding distance m 2000
Polymer test sample dimension mm 4 × 4 × 4
Counter surface roughness, Sa µm 0.3
Temperature ◦C 24 ± 1

The wear depth of the polymer pin was measured continuously during the test using a
displacement sensor, located in the upper carriage. In order to calculate specific wear rate coefficients,
measured wear depths were plotted as a function of the product of pressure, sliding speed and time,
using a reformulation of Archard’s wear equation [23]:
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hi = kipvt, (1)

where hi is the wear depth, ki is the specific wear rate coefficient, p is the nominal surface pressure,
v is the sliding speed and t is time. Index i refers to the examined sliding surface. Time was set to
result in the same sliding distance for all the tests and the latter was selected to ensure reaching the
steady state wear in all the tests, thus excluding running-in phase. A specific wear rate coefficient
based on Equation (1) was calculated by fitting a line to the data points using the linear least-square
method. Average friction coefficients were calculated for the same sliding distance as the specific wear
rate coefficients.

2.4. Surface Analysis

After the tribological tests, wear tracks were formed on the stainless steel counter surface, as shown
in Figure 4. It can be seen that loose wear debris from the polymeric pins are accumulated at the edges
of the wear tracks, thus not contributing to the formation of transfer film. These loose wear particles
were carefully removed by pressurized air, before starting further surface analysis. All images of the
polymeric pins and stainless steel counter surfaces have been captured using a digital camera Nikon
D90 (Nikon, Tokyo, Japan) equipped with a Nikon AF-s 60/2,8 G ED Macro lens (Nikon, Tokyo, Japan).

Surface topography measurements were performed using Zygo (NewView 7300, Middlefield,
CT, USA) 3D optical profilometer operated in 5× magnification. Two different scanning electron
microscopes (SEM) equipped with energy-dispersive X-ray spectrometers were used for the surface
analysis of the polymer pins and the wear tracks, namely JEOL JSM-IT300 LV (Peabody, MA, USA)
was used for magnifications below 3000× while Zeiss Merlin SEM (FEG-SEM, Oberkochen, Germany)
was used for higher magnifications. The latter SEM equipped with a charge compensator, enabling
studying the polymer pins without sputtering.

Figure 4. Wear track formed on the counter surface directly after test performed with a pressure of
9 MPa and a sliding speed of 40 mm/s for: (a) ThorPlas; (b) Orkot.
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3. Results and Discussion

In the following section, results from material characterization, tribological characterization and
surface analysis are presented and discussed. Thorough material characterization of the bearing
materials has been conducted in order to study the microstructure and the composition of the materials.
Tribological characterization has been carried out in order to investigate the influence of sliding speed
and pressure on the friction and wear behavior of the bearing materials. In order to investigate and
explain the tribological behavior, surface analysis of the polymer pins and the wear tracks formed on
the counter surface during the sliding tests have been performed.

3.1. Material Characterization

In order to study the microstructure and composition of the bearing materials, their characterization
was carried out by X-ray microtomography, NMR spectroscopy and elemental analysis methods.

3.1.1. X-ray Microtomography

Figure 5 shows 3D visualization of the microstructure in the bearing materials, scanned with XMT
using 20× objective. The structure of the materials can be seen in more details in the animation of
the 3D visualization (see Video S1 for ThorPlas and Video S2 for Orkot). For ThorPlas, three different
phases could be distinguished and segmented (Figure 5a): the first one corresponding to the bulk
material, second to the pores and the third phase consisting of spherically shaped particles having
a higher density than the bulk material. It can be seen that both pores and the spherical shaped
particles are evenly dispersed in the material confirming compositional homogeneity of ThorPlas.
Quantification of the internal phases in the scanned sample indicated that the volume fraction of bulk
material is 98.64 vol %, pores is 0.35 vol % and the spherical particles 1.01 vol %. The majority of pores
has a volume below 60 µm3, with only a few single pores having volumes up to 166 µm3, (Figure S1),
while the majority of the spherically shaped particles has a volume less than 1300 µm3, some between
1300–3000 µm3 and only single particles have a volume up to 7650 µm3, (Figure S2).

Figure 5. 3D visualization of the microstructure in the bearing material, obtained using XMT with 20×
objective for: (a) ThorPlas with the three different phases (I–III) segmented; (b) Orkot in grey scale with
the actual sliding surface marked with an arrow. The diameter of the scanned cylinders in the figures is
0.55 mm.
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Thus, pores in ThorPlas are much smaller than the spherically shaped particles. Moreover,
it was found that many particles and pores are smaller than the spatial resolution of the scan using
4× objective (5.97 µm). Therefore, it fails to provide a good representation of the microstructure of
ThorPlas as only the larger details were visible.

Comparing to ThorPlas, the structure of Orkot is more complex, see Figure 5b showing 3D
visualization in grey scale with both the actual sliding surface, marked with an arrow, and the structure
of the material visible. The scale reflects relative density of the features, where black corresponds
to the lowest density and white to the highest. From the reconstruction of the XMT imaging using
20× objective, five phases can be distinguished. The different phases are clearly visible in a cross
section of the full tomographic reconstruction of Orkot in grey scale (Figure 6). Phase one (I) represents
the bulk polymeric material. The second phase (II) corresponds to the fibers, which constitute the
woven structure. Phase three (III) and four (IV) are particles, where phase three has a higher density
suggesting that they consist of the MoS2 and phase four made of the CaCO3. The fifth phase (V)
corresponds to the pores in the material.

Unlike ThorPlas, it was not possible to segment all the phases of Orkot using the standard
thresholding procedure, as the fibers and the polymeric bulk material of the latter both consist of
polyester and PTFE, having similar density and are hence hard to distinguish if only grey scale
information is considered. However, particles and pores can be segmented for further analysis.
Quantification of the internal phases in the sample scanned using 20× objective indicated that the
volume fraction is 1.2 vol % for pores and 8.82 vol % for CaCO3. Volume fraction of MoS2, though
measured, is not disclosed for proprietary reasons.

Figure 6. A cross section of the full tomographic reconstruction of Orkot 20×, showing five different
phases and their relative size.
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From the pore size distribution, it can be deduced that the majority of pores have a volume less
than 10,000 µm3, with only single pores having a volume up to 92,000 µm3, (Figure S3). The majority
of MoS2 particles has a volume below 840 µm3, but a few having larger volumes up to 1800 µm3

(Figure S4) while the majority of the CaCO3 particles has a volume less than 20,000 µm3 but some are
much larger up to 7.5 × 106 µm3 (Figure S5), indicating that the majority of CaCO3 particles have a
volume that is more than 20 times higher than the MoS2 particles.

In Figure 7, two scans using 4× and 20× objectives reveal uneven distribution of the segmented
pores in the material. The higher magnification scan shows that pores are more abundant in areas
close to fibers, suggesting that the resin matrix do not perfectly adhere to the structure fibers. The scan
using 4× objective reveals larger pores in the material structure. Figure 8 presents a cross section of
the full tomographic reconstruction of Orkot, revealing macro structure of material. It appears that the
spacing between the woven fibers is not uniform, indicating structural heterogeneity in the structure
of Orkot. Moreover, several larger pores, situated on different locations in the material, are visible in
the slice. As a result of the heterogeneity, the volume fraction data for different internal phases is valid
only for the location of the high magnification scan. This may lead to high uncertainty of the whole
sample volume fractions assessment by extrapolation and such data should be treated with caution.

Using results from the lower magnification scan, the majority of pores are estimated to have a
volume less than 5 × 106 µm3, with only single pores having a volume up to 1.9 × 107 µm3 (Figure S6).
Quantification of the internal phases in the sample scanned using 4× objective provides the volume
fraction of pores of 0.36 vol %. The apparent discrepancy in volume fraction of pores, estimated from
the two scans using different objectives, stem from differences in spatial resolution, as many of the
pores visible in the 20× scan are too small to be resolved in the 4× scan. The size of the pores is up to
1 × 105 times larger in Orkot than in ThorPlas.

Figure 7. Segmented pores in Orkot for the tomographic scans using: (a) 4× objective, with a part of
the whole structure visible; (b) 20× objective.
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Figure 8. A cross section of the full tomographic reconstruction of Orkot 4×, presenting the macro
structure of the material. Several larger pores are visible in the slice.

3.1.2. NMR Spectroscopy

The solid-state 13C Cross Polarization (CP) MAS NMR spectrum of ThorPlas is shown in Figure 9.
It is noteworthy that, in the 1H-13C cross polarization (CP) experiment, only the carbon atoms that
are in a close proximity to hydrogen atoms are detected. The spectrum shows four major resonance
lines from such carbon atoms. A resonance line at 163.4 ppm in the 13C CP/MAS NMR spectrum of
the polymeric material is assigned to carbon sites in the carbonyl groups [–C(O)–]. The resonance
lines at 133.7–129.8 ppm are assigned to aromatic carbon atoms, while the resonance line 61.5 ppm
is attributed to CH2–O group [24]. This spectrum revealed that ThorPlas contains carbonyl groups,
aromatic phenyl rings and CH2–O groups. There are no signals around between 30 and 0 ppm, which
are typical for the aliphatic methylene and methyl carbons, suggest that this polymeric material does
not contain such compounds.

Figure 9. Solid-state 13C CP/MAS NMR spectrum of ThorPlas. A total number of accumulated signal
transients was 29,478 and the MAS was 9 kHz. Note that the only resonance lines that are labeled are
the real resonance lines, the so called “centre bands”; the other smaller resonance lines that are not
labeled are so called spinning sidebands.
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Figure 10 shows a “direct excitation” solid-state 13C MAS NMR spectrum of ThorPlas. In this
experiment, all carbons present in the sample are detected. Confirming results of the CP/MAS
experiment, this spectrum also shows resonance lines assigned to carbonyl groups [–C(O)–], aromatic
carbon atoms and methylene groups attached to oxygen atoms (CH2–O). In addition, this experiment
reveals resonance line at 1.1 ppm, which is a typical region for carbon atoms attached to silicon
atoms [24], since 0 ppm corresponds to tetramethylsilane (TMS), used as a reference for 1H, 13C and
29Si nuclei in NMR experiments. The broad background signals in the range from 160 to 80 ppm are
typical for a PTFE-type polymer, which might also be present in the sample. These signals are absent
in the CP/MAS NMR experiment because PTFE does not contain protons.

The NMR spectroscopy results suggest that ThorPlas material is most probably a mixture of a few
polymeric compounds: (1) The aromatic carbons together with the carbonyl groups and methylene
groups attached to oxygen atoms indicate the presence of aromatic polyester type polymer and most
probably polyethylene terephthalate (PET). These functional groups might be caused by the presence
of polyamide type polymer as well, but as no nitrogen atoms were detected in the Energy Dispersive
Spectroscopy (EDS) analysis, the presence of polyamide species in this polymeric material can be
excluded; (2) PTFE-type polymers and (3) Si–C-based polymers, in which carbon atoms are directly
attached to silicon atoms but without nearby hydrogen atoms.

Due to its excellent property of self-lubrication, PTFE is a common additive used in both
thermoplastics and thermosets as a solid lubricant [25]. When PTFE slides against a hard surface
(e.g., metal), a part of the material is transferred to the metal counterpart forming a PTFE transfer
film [26–28]. This film plays a critical role in reducing the friction coefficient as PTFE-PTFE contact has
a very low friction coefficient [29–31].

Silicone-based additives are commonly used for thermoplastic resins, including aromatic
polymers, in order to provide improved mechanical, friction, wear, processing and heat resistance
properties [32–35]. When used together with PTFE, such additives eliminate a so-called “break-in”
period [36].

Figure 10. “Direct excitation” solid-state 13C MAS NMR spectrum of ThorPlas. A total number of
signal transients was 40,000 and the MAS was 9 kHz.

Concentrations/traces of both fluorine (F), most likely coming from the PTFE, and silicon (Si)
was found in the transferred layers formed on the stainless steel counter surfaces (see Section 3.3).
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In a study presented by the bearing manufacturer, it is revealed that more than one solid lubricant is
used in the material and a concentration of lubricants on the surface have been detected using energy
dispersive X-ray Analysis [4]. Applying the same analytical method to the transfer layers formed only
C, O, F and Si atoms were detected, suggesting that both PTFE and Si-based additives are present as
solid lubricants in the material.

3.1.3. Elemental Analysis

A concentration of inorganic constituents in ThorPlas measured by ICP-SFMS is presented in
Table 4. Only elements with measured concentrations above 0.001 wt % are included, with the total
sum well below 0.5 wt %, demonstrating that the ThorPlas is mostly an organic polymer. This is
further confirmed by very low ash content (0.5 ± 0.2 wt %) determined gravimetrically by ashing
four sub-samples of material at 550 ◦C. It should be noted though that surface contamination during
sample preparation (e.g., cutting, milling and handling) may contribute to measured concentrations.
For example, very variable content of Titanium (Ti), observed in some sub-samples of these polymers,
most probably present as surface contamination from cutting equipment and the data for this element
is omitted. Moreover, Fe, Mg and Mn (found in both materials) are not typical elements added to
polymers and thus they might also originate from external contamination.

Results show that ThorPlas contains silicon (Si), which confirms the findings from the NMR
spectroscopy. Furthermore, it has the highest concentration of the inorganic constituents in the
material, even though it is only 0.12 wt % corresponding to approximately 0.2 wt % of Poly(siloxane).
Due to its low concentration, it is most likely that the spherical particles seen in Figure 5a are not silicon
but rather PTFE particles. It was shown (Section 3.1.1) that ThorPlas is a homogeneous material having
its compounds evenly dispersed in the bulk, and thus silicon particles are expected to be uniformly
distributed. The low measured Si concentration suggests that silicon particles are smaller than the
spatial resolution of the 20× objective and thus undetectable in the reconstruction of tomography
scans, suggesting that they can be considered nano-particles.

Table 4. Concentration of inorganic constituents in ThorPlas.

Element Concentration wt % Comment

Si 0.12 Correspond to 0.2 wt % Poly(siloxane)
Mg 0.01 Potential contamination during preparation
Ge 0.006 Utilized as a polymerization catalyst in plastics
Mn 0.006 Potential contamination during preparation
P 0.003
Fe 0.003 Potential contamination during preparation

Rather unexpectedly, it was found that ThorPlas contains germanium (Ge), which is a rare element,
implying that it has been added to the material intentionally. Germanium is commonly used as a
polymerization catalyst in plastics, especially polyethylene terephthalate (PET) [37,38], thus supporting
the hypothesis that the polymer resin of ThorPlas contains PET based polymer as suggested by NMR
spectroscopic data.

Concentrations of inorganic constituents in Orkot are presented in Table 5. However,
concentrations of Molybdenum and Sulphur are not disclosed for proprietary reasons. The sum
of inorganic components is several times higher in comparison to ThorPlas. Results show that, besides
Calcium (Ca), Molybdenum (Mo) and Sulphur (S), there are also several other inorganic elements in
the material, though in relatively low concentrations. Si was one of the detected elements. Silica (SiO2)
is a commonly used filler in thermoset composites added in order to enhance the mechanical properties
of the materials [39–41]. The elemental analysis does not provide information on bonds or structure of
the component containing Si in the material. Cobalt (Co) is commonly used as a promoter in the cure
process of polyester thermosets [42].
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Table 5. Concentration of inorganic constituents in Orkot.

Element Concentration wt % Comment

Ca 4.2 Correspond to 10.4 wt % CaCO3
Mo - Constituents of MoS2, used as a solid lubricant. Values of concentration

are not disclosed for proprietary reasonsS -
Si 0.03 Possibly used as a filler

Mg 0.016 Potential contamination during preparation
Fe 0.013 Potential contamination during preparation
Co 0.01 Used as a promoter in the cure process of polyester thermosets
Al 0.01
K 0.008
Sr 0.007 Probably impurity from CaCO3

Mn 0.003 Potential contamination during preparation

From relative density of the polymer (1.25 g/cm3, Table 1), MoS2 (5.06 g/cm3) and CaCO3

(2.71 g/cm3) and respective volume fractions determined by XMT (see Section 3.1.1), concentrations
of the latter two compounds can be calculated, providing estimates of 19 wt % (CaCO3). Results
from XMT and ICP-SFMS measurements provide almost identical MoS2 concentrations, while it is
almost a two-fold difference in CaCO3 estimates between the two analytical techniques. The reason for
the discrepancy is most likely spatial heterogeneity of material causing the volume fraction values
obtained from XMT using a high magnification lens, being strongly dependent on the location of
the scan and thus may not be representative for the whole sample. Moreover, partial precipitation
losses of Ca as insoluble fluorides from digestion solution cannot be ruled out. The almost identical
MoS2 concentrations from the two different measurement techniques suggest that the solid lubricant is
evenly dispersed within the material matrix.

Both measurement methodologies are capable of estimating the various volumetric element
content within the bearing materials; however, because of the small sample size tested by XMT,
uncertainty in estimation of average content of heterogeneous materials may be high.

3.2. Tribological Characterization

In the following section, friction and wear results obtained from the reciprocating sliding tests are
presented and discussed.

3.2.1. Friction

Figure 11 shows the average coefficient of friction (COF) values for the two bearing materials
obtained under different operating conditions. In general, both materials showed a trend of decreasing
COF for increasing pressure and this trend was consistent for all tested sliding speeds. For Orkot,
the COF decrease at different sliding speeds is linear, while, for ThorPlas, the decrease is steeper
at pressures between 9 to 19 MPa than at 19 to 28 MPa. Comparing COF between the two bearing
materials, it can be observed that, overall, ThorPlas exhibits a lower COF in comparison to Orkot.

A decrease in COF with increased pressure between 45 and 90 MPa at a maximum sliding speed
of 5.4 mm/s has previously been observed for ThorPlas [4]. Moreover, a COF decrease for higher loads
was reported for Orkot as well [5]. The COF values obtained for Orkot at 28 MPa are in agreement
with previously reported friction values at 29 MPa pressure and unspecified sliding speed [3].

Lower COF at higher contact pressure is probably due to the presence of PTFE in both materials as
shown in previous studies with PTFE and polymer composite materials with PTFE inclusions [7–11].
Data from EDS analysis on the wear tracks formed on the stainless steel counter surfaces (see Section 3.3
and Figure 16) revealed higher concentrations of elements from the internal lubricants, in tests
performed at higher pressures (Table 7), indicating that, at such conditions, more solid lubricants can
be squeezed from the material forming a layer on the counter surface and thus contributing to lower
the COF.
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Figure 11. Average coefficients of friction for the different operating conditions (sliding speeds and
pressures) obtained for: (a) ThorPlas; (b) Orkot.

For Orkot, changes in sliding speed have little effect on the COF irrespective pressures applied
(Figure 11). This also applies for ThorPlas at higher pressures. However, at lower pressure (9 MPa),
the COF is increasing with the sliding speed. The lower content of released solid lubricants under low
pressures, as revealed by the EDS analysis (Table 6), may be responsible for the behavior observed.
It is important to note that ThorPlas is a thermoplastic polymer while Orkot is a thermoset polymer.
Thermoplastics soften appreciably or even melt at a characteristic temperature in contrast to thermosets,
which are cross-link under the heat and do not melt easily [43].

It is previously reported that, for COF of polymers (thermoplastics), the sliding speed influence
is higher than that of applied pressure [12,13]. However, for ThorPlas, this was valid only for lower
pressures, when the lubrication of solid lubricants is lower. The sliding friction between materials
generates heat at asperities increasing surface temperature. The higher the sliding speed, the higher the
resulting temperature, and, as it reaches the softening point of the polymer, the accompanying increase
in adhesive components leads to higher COF values [12]. Hence, the contact zone temperature is a key
factor influencing the quality of operation of bearings made of polymeric materials [11,14–16,44,45].

The observed trends in ThorPlas COF under different operating conditions (pressure and sliding
speed) are similar to those recently reported for PET filled with PTFE [11].

3.2.2. Wear

Figure 12 shows the average specific wear rate coefficient (k [mm2/N]) obtained for the two
bearing materials at different operating conditions. It can be seen that, for ThorPlas, the specific wear
rate coefficient follows similar trends to COF. Both materials exhibit similar tendencies; regardless of
the pressure applied, the specific wear rate coefficients increase with sliding speed.

For Orkot, the increase in specific wear rate coefficient at increasing sliding speed is linear for
lower pressures (9 and 19 MPa), while, at higher pressure (28 MPa), the increase is insignificant between
10 to 25 mm/s, though the specific wear rate coefficient is higher at 40 mm/s. The ThorPlas specific
wear rate coefficient at low pressure (9 MPa) doubles with sliding speed increasing from 10 to 25 mm/s,
while there is no further increase between 25 and 40 m/s. For higher pressures (19 and 28 MPa),
the increase in specific wear rate coefficient with increased sliding speed follows a linear trend.

An increase in wear rate with increased sliding speed is believed to be caused by the thermal
softening of the polymers, which leads to higher plastic deformation under lower load values.
Thus, the increase in COF and wear rate is because of the rise in surface temperature to the point
of surface layer reaching the softening point of the polymer [12]. Such increase in wear rate with
increased sliding speed has also previously been reported for fiber-reinforced composites [17].
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Figure 12. Average specific wear rate coefficients for the different operating conditions (sliding speeds
and pressures) obtained for: (a) ThorPlas; (b) Orkot.

The ThorPlas specific wear rate coefficient at higher sliding speeds (25 and 40 mm/s) decreases
almost in half between 9 and 19 MPa while there is no significant specific wear rate coefficient change
as load is increasing from 19 to 28 MPa. The specific wear rate coefficient at the lower sliding speed
(10 mm/s) is stable over all pressures tested. The Orkot specific wear rate coefficient at the higher
sliding speeds (25 and 40 mm/s) is decreasing with increased pressure. However, at 10 mm/s, the wear
is lowest at low pressure (9 MPa) than at the higher pressures (19 and 28 MPa). It has previously been
reported that, for woven fabric composites, the applied load has more effect on the specific wear rate
coefficient than the sliding speed [17]. Obtained results confirm findings of another study suggesting
that specific wear rate coefficient is decreasing with applied pressure [18].

Over the wide range of operational conditions, Orkot has lower specific wear rate coefficients
than ThorPlas. The obtained Orkot specific wear rate coefficient values are, though in the same order
of magnitude, slightly higher than previously published for studies testing the material using journal
bearing test set-ups [2,3,46]. The slight differences can be attributed to a different load characteristic
(23 ± 7 MPa and 29 MPa vs. 28 MPa), motion amplitudes (1.1 mm and 0.12 mm vs. 2.5 mm), sliding
speed as well as the contact mechanics specifics.

3.3. Surface Analysis

In order to investigate the observed decrease of COF with increased pressure as well as increase
of specific wear rate coefficient at higher sliding speed, counter surfaces from tests performed with
three different operating conditions were selected for further surface analysis based on findings from
the tribological characterization. The selected operating conditions for both bearing materials were
9 MPa at 10 mm/s, 9 MPa at 40 mm/s and 28 MPa at 40 mm/s.

Surface topography of the wear tracks formed on the stainless steel counter surfaces during
sliding tests, as measured by optical interferometer (Zygo), are presented in Figure 13 for ThorPlas
and Figure 14 for Orkot. It should be noted that, as polymers are partially reflective materials,
the measurements on transferred layers occasionally introduces artifacts manifested as spikes in the
surface roughness measurements. These spikes have been filtered out using a threshold operator
in order to truncate the peaks that mask other findings. As these artifacts may induce an error in
calculation of the transferred material volume, no further quantitative analysis of the transferred layers
has been performed.
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Figure 13. Surface topography of the wear tracks formed on the stainless steel counter surfaces after
sliding test with ThorPlas for: (a) 9 MPa at 10 mm/s; (b) 9 MPa at 40 mm/s; (c) 28 MPa at 40 mm/s.
Magnification: 5×. The sliding direction in the figures is longitudinal.

Figure 14. Surface topography of the wear tracks formed on the stainless steel counter surfaces after
sliding test with Orkot for: (a) 9 MPa at 10 mm/s; (b) 9 MPa at 40 mm/s; (c) 28 MPa at 40 mm/s.
Magnification: 5×. The sliding direction in the figures is longitudinal.

Stitched SEM micrographs of the wear tracks are shown in Figure 15. The darker areas in the
images correspond to the transferred polymer layers. It can be seen that less material transfer occurs for
tests performed with Orkot than with ThorPlas. This finding is consistent with the lower specific wear
rate coefficients observed for Orkot during the tribological characterization (Figure 12). In addition,
a lower amount of deposited material in the transfer layer can explain the overall higher COF for
tests performed with Orkot material (see Figure 11). Furthermore, the surface topography reveals
deep groves in the wear tracks formed during sliding tests with Orkot material, indicating that the
counter surface are subjected to an extensive abrasive wear, contributing to a higher COF. It can be
seen that the grooves grow deeper when the sliding speed and pressure are increased. These groves
are believed to be caused by polyester fibers used as reinforcement (warp) in the material. Comparing
SEM micrographs of the wear tracks (Figure 15) at higher magnifications with the tomographic
reconstruction of Orkot (Figure 6), it can be observed that the width of the groves is consistent with the
width of the fibers.
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Figure 15. Stitched SEM micrographs of the wear tracks containing the transferred layers formed on
the stainless steel counter surface after sliding against polymer pins for: (a) ThorPlas 9 MPa at 10 mm/s;
(b) Orkot 9 MPa at 10 mm/s; (c) ThorPlas 9 MPa at 40 mm/s; (d) ThorPlas 28 MPa at 40 mm/s;
(e) Orkot 9 MPa at 40 mm/s; (f) Orkot 28 MPa at 40 mm/s. In the images, the upper end position and
the middle (bottom part) of the wear tracks is presented with longitudinal sliding direction. The red
marked areas represent the ROI used for the EDS analysis of the transferred layers.
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From surface topography (Figures 13 and 14) and SEM micrographs (Figure 15) of the wear tracks,
it can be seen that the transferred layers are less prominent for operating conditions characterized by
low sliding speed and low nominal pressure. Comparing wear tracks for the two different pressures
(9 and 28 MPa) at the same sliding speed (40 mm/s), it appears that more polymer material is
transferred to the stainless steel at the lower pressure. Moreover, the transferred layers are more
uniformly distributed than under other operating conditions, where more uneven, lumpy deposition
can be seen. Therefore, it is unclear why the higher pressure gives rise to a lower COF.

In order to study this behavior further, EDS analysis of the transferred layers was performed in
several locations for each wear track. Four of the selected ROIs for ThorPlas are marked in Figure 15.
The corresponding SEM micrographs at higher magnifications for the ROI are presented in Figure 16.
For each area, EDS spectra are presented for two locations providing typical elemental content in the
region. In Table 6, obtained EDS spectra are presented for areas corresponding to the lower pressure
and in Table 7 to the higher pressure.

Comparing the elemental content for the two pressures, it can be observed that the transferred
layers formed at the higher pressure contain higher amounts of the solid lubricants elements (fluorine
and silicon) aiding lower COF. It should be mentioned that some locations for the wear tracks contained
as much as 14.4 wt % fluorine and 3.8 wt % silicon. Similar findings were observed while studying
the transferred layers deposited in tests performed with Orkot, indicating that, at higher pressures,
solid lubricants were squeezed from the bulk of polymer at greater rates, depositing on the counter
surface and contributing to lower friction observed. The mechanism bears similarities with a wet
sponge: the harder it squeezed, the more water gets out.

This effect may also explain the wear increase caused by insufficient lubrication at higher sliding
speeds and lower pressures.

Figure 16. SEM micrographs of the red marked areas in Figure 15 corresponding to: (a) ROI I; (b) ROI
II; (c) ROI III; (d) ROI IV. The sliding direction in the figures is longitudinal.
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Table 6. EDS spectra of stainless steel counter surface after test with ThorPlas for 9 MPa at 40 mm/s.

Element

Spectrum Number

25 26 34 37

wt % wt % σ wt % wt % σ wt % wt % σ wt % wt % σ

C 63.9 0.5 62.4 0.5 60.6 0.5 63.1 0.6
O 32.2 0.5 33.2 0.5 34.6 0.4 32.5 0.5
F 3.6 0.3 3.9 0.3 4.2 0.3 2.4 0.4
Si 0.3 0.1 0.5 0.1 0.6 0.1 0.3 0.1

Total: 100.0 100.0 100.0 100.0

Table 7. EDS spectra of stainless steel counter surface after test with ThorPlas for 28 MPa at 40 mm/s.

Element

Spectrum Number

1 4 10 11

wt % wt % σ wt % wt % σ wt % wt % σ wt % wt % σ

C 59.9 0.5 59.4 0.5 61.4 0.4 60.1 0.5
O 32.4 0.5 34.3 0.5 32.0 0.4 33.2 0.4
F 6.7 0.3 5.0 0.3 6.4 0.3 5.7 0.3
Si 1.0 0.1 1.4 0.1 0.3 0.1 1.0 0.1

Total: 100.0 100.0 100.0 100.0

Surface analyses were also performed on the worn polymer pins that have caused the wear
tracks on the counter surface shown in Figure 15. Surface topography of worn Orkot polymer
pins, after sputtering, is presented in Figure 17 with the higher areas reflecting the PTFE weft.
The corresponding SEM micrographs are presented in Figure 18. In addition, a SEM micrograph
of an unworn surface is shown in Figure 18a, where the PTFE fibers (weft) protruding the surface can
be clearly seen. Several attempts were made to measure surface topography of the unworn surface.
However, because of the nature of the material, too much of the light was scattered. Moreover, regions
of the worn polymer surfaces subjected to larger losses of material of the deposited material resulted
in missing data points for the surface topography measurements seen as white areas in Figure 17.

Surface topography and SEM micrographs of the polymer pins show that less material wear
occurs at higher contact pressure. At low pressures, a higher rate of material delamination from the
surface can be observed. Comparing pin surfaces worn at the two different sliding speeds (10 at
40 mm/s) and the same nominal pressure (9 MPa), it appears that the wear is more severe at the higher
sliding speed, with significant losses of material observed from wider areas. Moreover, deeper valleys
between the PTFE weft are formed at higher sliding speed, confirming higher wear of the warp. This is
consistent with the higher specific wear rate coefficient observed for higher sliding speeds, as shown
in Figure 12.

An explanation for the higher wear of the polymer pins at low pressure is the poorer lubrication
between the pin and the material deposited on the stainless steel counter surface (transferred layers
formed on the wear track, Table 6). Higher sliding speed leads to higher temperature in the contact
zone, making the pin material softer and easier to shear. This causes more wear at low pressures when
the lubrication is insufficient.

Studying the material delamination, clear traces of fiber debonding from the polymer matrix can
be observed, as illustrated in Figure 19. Furthermore, micro cracks can form on the surface, potentially
causing delamination of material and exposure of unprotected fibers that can be peeled off by shear
during the sliding motion.
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Figure 17. Surface topography of the Orkot polymer pins after sliding test for: (a) 9 MPa at 10 mm/s;
(b) 9 MPa at 40 mm/s; (c) 28 MPa at 40 mm/s. Magnification: 5×. The sliding direction in the figures
is longitudinal. Polymer pins have been sputtered with a thin layer of gold, 15.8 nm in depth.

Figure 18. Cont.
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Figure 18. SEM micrographs of the Orkot polymer pins using 5 kV: (a) before test; (b) after test with
9 MPa at 10 mm/s; (c) after test with 9 MPa at 40 mm/s; (d) after test with 28 MPa at 40 mm/s.
The sliding direction in the figures is longitudinal. Polymer pins have been sputtered with a thin layer
of gold, 15.4 ± 0.7 nm in depth. The red marked areas represent the area of interest used for the EDS
analysis of compositional maps.

Figure 19. SEM micrographs of unsputtered Orkot polymer pin surface after sliding test for 9 MPa at
10 mm/s illustrating: (a) overview of the worn surface; (b) higher magnification of the area indicated
in (a). The sliding direction in the figures is longitudinal.

A following explanation for the material delamination can be proposed: PTFE requires a certain
amount of energy to be released from the fiber and deposited on the running faces to form a low
shear layer. A micro-scale stiffness variances of the matrix components (various E-moduli and some
porosity/voids that can be seen in Figures 6 and 8) can cause the deposited PTFE to shear or break
off at certain areas. Because of these variations, there might be vibration of different amplitudes that
could aid with detaching of the deposited material.

Additional surface analysis on the polymer pins was performed by EDS compositional mapping
of the regions marked in Figure 18. SEM micrographs of the ROI at higher magnifications and
corresponding compositional maps of fluorine are presented in Figure 20. The EDS spectra of the
compositional maps are shown in Table 8. Comparing the elemental content for the different operating
conditions, higher fluorine concentrations can be observed for the sliding experiments done at higher
pressure. Moreover, from the compositional maps for the same conditions it appears that the fluorine
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is smeared out in the sliding direction, contributing to better lubrication (as the solid lubricant cover a
larger area) and thus to less wear of the surface. This may explain the lower COF observed at higher
pressures (Figure 11) and less polymer wear (Figure 17).

Table 8. EDS spectra of the compositional maps of the Orkot polymer pins after test.

Element

Operating Conditions

9 MPa 10 mm/s 9 MPa 40 mm/s 28 MPa 40 mm/s

wt % wt % σ wt % wt % σ wt % wt % σ

C 56.22 0.34 56.13 0.50 57.56 0.38
O 22.92 0.30 21.67 0.45 21.38 0.33
F 16.18 0.25 16.67 0.37 16.94 0.28

Ca 4.69 0.18 5.54 0.29 4.12 0.22
Total 100.00 100.00 100.00

Figure 20. SEM micrographs of the marked areas of the Orkot polymer pins after test using 10 kV for:
(a) 9 MPa at 10 mm/s; (c) 9 MPa at 40 mm/s; (e) 28 MPa at 40 mm/s. With corresponding compositional
map of fluorine (F) from EDS analysis of the area for; (b) 9 MPa at 10 mm/s; (d) 9 MPa at 40 mm/s;
(f) 28 MPa at 40 mm/s. The sliding direction in the figures is longitudinal. Polymer pins have been
sputtered with a thin layer of gold, 15.8 nm in depth.
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Surface analysis was also performed on the worn and an unworn ThorPlas polymer pins that
have caused the wear tracks on counter surface shown in Figure 15. Surface topography of ThorPlas
polymer pins, after sputtering, are presented in Figure 21 and the corresponding SEM micrographs
are shown in Figure 22. Surface topography of the unworn surface (Figure 21a) shows traces from
manufacturing (milling) of the polymer pin. These traces can also be observed in the image of the
polymer pin presented in Figure 1a. Surface topography of the worn polymer pins shows no such
traces and it can be concluded that the milling rests were removed during the sliding test.

Figure 21. Surface topography of the ThorPlas polymer pins: (a) before test; (b) after test with 9 MPa at
10 mm/s; (c) after test with 9 MPa at 40 mm/s; (d) after test with 28 MPa at 40 mm/s. Magnification:
5×. The sliding direction in the figures is longitudinal. Polymer pins have been sputtered with a thin
layer of gold, 14.1 ± 0.4 nm in depth.

For low sliding speed and low nominal pressure (10 mm/s and 9 MPa, Figure 21b), two broad
valleys are formed in the surface topography, indicating that these regions experienced higher wear
than the rest of the surface. Furthermore, on the sides of these valleys, higher peaks are seen indicating
accumulation of adhered material on the surface. It appears as if a part of the removed material
excavated from the valleys has been ploughing up to the sides and adhered to the surrounding
regions. Such formation can be seen even better in Figure 23a, showing the surface of an unsputtered
polymer pin at higher magnification. In the SEM micrograph, traces of micro-ploughing are clearly
visible alongside with fresh (unaffected) polymer surface and worn (exposed) surface containing
nano-particles of steel debris. Thus, the surface is subjected to an on-going evolution process during
the reciprocating sliding, where the part of worn surface is removed due to micro-ploughing and new
fresh surface forms.

At the same nominal pressure (9 MPa), higher sliding speed (40 mm/s) results in more
homogeneous surface wear, except for smaller regions in the middle, which are subjected to more
severe wear (Figure 21c). It seems that the material becomes softer when the sliding speed and hence
temperature in the contact is increased, resulting in a smaller area for the fresh material to re-deposit.
Furthermore, close scrutiny of surface topography reveals that, along the abrasive wear tracks formed
in the sliding direction, the dominant wear mechanism is adhesive wear in the small contacts. All these
mechanisms together contribute to a higher COF and specific wear rate coefficient than observed at
lower sliding speed.
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The surface in the experiment with the same sliding speed but under higher nominal pressure
(28 MPa at 40 mm/s) has been subjected to less wear than under other operating conditions tested
(Figure 21d). A deeper valley has formed in the central region, reflecting significantly higher wear
than the rest of the surface. Higher peaks can be seen in the regions surrounding the valley, made
of the material removed from the valley and re-deposited in these regions during the reciprocating
sliding. Less wear of the surface is consistent with the higher concentration of the solid lubricants
measured in the transferred layers (Table 7), providing a lower COF and less shear of the polymer, i.e.,
smaller specific wear rate coefficient, observed in the tribological characterization (Figures 11 and 12,
respectively).

Figure 22. SEM micrographs of the ThorPlas polymer pins using 5 kV: (a) before test; (b) after test
with 9 MPa at 10 mm/s; (c) after test with 9 MPa at 40 mm/s; (d) after test with 28 MPa at 40 mm/s.
The sliding direction in the figures is longitudinal. Polymer pins have been sputtered with a thin layer
of gold, 14.1 ± 0.4 nm in depth.
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Worn polymer pin surfaces show traces of micro-ploughing and material delamination, visible
in SEM micrographs (Figure 22). It appears that these effects are less prominent for the higher
pressure operating condition. Figure 23b shows an example of a surface region subjected to material
delamination, revealing a fresh polymer surface. At higher magnification, it can be seen that the
polymer matrix contains two distinct phases (Figure 24a). The lighter grey phase is consistent with
the spherically shaped particles seen in the 3D visualization of material microstructure, from XMT
reconstruction (Figure 5a).

Figure 23. SEM micrographs of unsputtered ThorPlas polymer pin surface for 9 MPa at 10 mm/s
illustrating: (a) the worn surface; (b) material delamination. The sliding direction in the figures is
longitudinal. The red marked area represent the ROI used for the EDS analysis of compositional maps.

Figure 24. Further surface analysis of the marked area in Figure 23, illustrating: (a) SEM micrograph
of the fresh surface with two distinct phases; (b) corresponding compositional map of fluorine and;
(c) corresponding compositional map of silicon; (d) phase containing fluorine at higher magnification.



Lubricants 2018, 6, 39 27 of 30

EDS compositional maps of the region (Figure 24) reveal that the light grey phase has a high
concentration of fluorine, suggesting that the spherically shaped particles is made of PTFE, as detected
by NMR spectroscopic measurements (Figure 10). Furthermore, traces of Si were also detected in the
region, which is consistent with NMR results and ICP-SFMS elemental analysis (Table 4). Both F and
Si were detected in the transferred layers deposited on the stainless steel counter surface (Figure 16),
indicating that they serve as a solid lubricant in the material.

4. Conclusions

In this work, thorough material characterization of two commercially available bearings materials,
used in hydropower and marine applications, has been conducted. Results suggest that ThorPlas is a
mixture of a thermoplastic aromatic polymer containing PTFE and silicon-based inclusions as solid
lubricants. Furthermore, the X-ray microtomography reveals the presence of larger pores in Orkot as
well as smaller voids in the areas surrounding fibers, indicating imperfect adhesion between the resin
matrix and the structure fibers. For operating conditions under low nominal pressures, this may lead
to debonding of the fibers from the surface as a result of poor lubrication.

From study of the friction and wear behavior of the bearing materials tested, it can be concluded
that low sliding speeds (10 mm/s) offer the best performance for ThorPlas bearings, as such operating
conditions provide the lowest COF and specific wear rate coefficients irrespective of pressures
applied. It was found that, for both bearing materials, increased pressure leads to a reduction of
COF. This should be taken into consideration when selecting the design pressure for bearings used in
hydropower applications. Furthermore, operation under lower sliding speeds results in lower specific
wear rate coefficients. This needs to be considered when selecting time for regulation of the guide vane
and turbine blade bearings used in hydropower applications.

Surface analysis revealed that, even though more polymer material is transferred to the counter
surface and distributed more uniformly at low pressures, the transferred layers formed at the higher
pressure contain higher amounts of the solid lubricants elements. Indicating that at higher pressures,
solid lubricants are squeezed from the bulk of polymer at greater rates and depositing on the counter
surface and contributing to lower friction observed. Moreover, studying worn Orkot polymer pins,
it was found that the solid lubricant was smeared out on the surface in the sliding direction, resulting
in better lubrication as the solid lubricant covers a larger area and thus contributes to lower COF.
Consequently, the amount of transferred bulk material to the counter surface is not the major factor
affecting the tribological performance of these materials, as a concentration of lubricants in the
friction zone can be of equally or even higher importance. For example, the lower concentration of
solid lubricant at low pressure may explain the higher specific wear rate coefficients with increased
sliding speed.

Extrapolating these findings to the real-life application, it can be concluded that the regulation
time for bearings used as guide vanes (subjected to lower loads) should be longer in order to provide
a lower sliding speed operation. This condition would ensure low friction and wear of the bearings,
saving energy and prolonging useful lifetime. Results of this study suggest that, in order to minimize
wear of bearings used for regulation of the turbine blades (affected by higher loads), operation at lower
sliding speeds can be recommended.

By optimizing the operating conditions for the bearings used in hydropower turbines, it is possible
to reduce the COF by more than 32% and to decrease the specific wear rate coefficient by more than
three times for Okrot bearings. For ThorPlas bearings, corresponding figures are almost reduced 45%
in the COF and 67% in the specific wear rate coefficient. Hence, by using such optimized conditions,
it is possible to both save energy (and thus money) and prolong the useful lifetime of the bearings.
Furthermore, data obtained may be useful for selection of bearing material best suitable for prevailing
operating conditions or (where possible) for adjustment of the operating condition to ensure better
tribological performance of the bearings.
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Supplementary Materials: The following are available online at http://www.mdpi.com/2075-4442/6/2/39/s1,
Figure S1: Volume distribution of pores in ThorPlas using 20× objective, Figure S2: Volume distribution of
spherical shaped particles in ThorPlas using 20× objective, Figure S3: Volume distribution of pores in Orkot using
20× objective, Figure S4: Volume distribution of MoS2 particles in Orkot using 20× objective, Figure S5: Volume
distribution of CaCO3 particles in Orkot using 20× objective, Figure S6: Volume distribution of pores in Orkot
using 4× objective, Video S1: 3D visualization of the microstructure of ThorPlas, reconstructed from XMT imaging
using 20× objective, Video S2: 3D visualization of the microstructure of Orkot, reconstructed from XMT imaging
using 20× objective.
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