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Abstract 
 

The ongoing global climate crisis and its impacts calls for urgent actions, such 

as significant reduction of CO2 emissions by introducing more renewable energy. 

This has led to a rapid integration of variable power sources, such as wind and 

solar power, into the electric power systems. These sources require more active 

control of the power production units output in order to compensate for 

fluctuations in supply. The hydropower plants shoulder a large portion of the 

regulation and balancing duty in many power systems and are therefore subjected 

to a higher number of start/stop cycles and significantly higher number of load 

cycles than before. This result in a longer accumulated wear distance and harsher 

operating conditions for critical components such as sliding bearings for the guide 

vanes and the turbine blades. As a result, in recent years several bearing failures 

have been reported in the turbines operating under these more fluctuating 

conditions. 

Despite the severity of the issue, and the additional maintenance and/or 

replacement costs involved, only a limited number of studies has been reported 

dealing with wear and friction behaviour of self-lubricating polymer composite 

bearing materials used for hydropower applications. These studies often lack 

thorough analysis of the governing friction and wear mechanisms. In addition, 

there is a lack of knowledge regarding the influence of various operating 

conditions on the tribological performance. Hence, there is insufficient knowledge 

to estimate the actual effect of the increased control of the turbine and how to 

optimize the operating conditions in order to reduce friction and wear. 

Therefore, the aim of the present work is to increase the knowledge and 

understanding of how different parameters such as sliding speed, contact pressure, 

stroke length, test duration, and counter surface topography influence the 

tribological performance, and its governing mechanisms, of different types of self-

lubricating polymer composite bearing materials commonly used in hydropower 

applications. 

To achieve this aim, a systematic tribological characterization has been carried 

out to study the influence of the abovementioned parameters on the tribological 

performance of self-lubricating polymer composite bearing materials sliding 

against stainless steel. The tests have been carried out in dry sliding using different 

linear reciprocating flat-on-flat configurations and long test duration. The 

governing friction and wear mechanisms have been thoroughly investigated by 

various surface analysis techniques, such as 3D optical interferometry, SEM, and 

EDS. In addition, material characterization of the polymer composites was carried 

out using a range of analytical techniques to study macro- and micro-structure as 

well as composition to aid the interpretation of the tribological behaviour. 

The results show that the investigated parameters have a significant influence 

on friction, wear, and formation of transfer layers. The formation of transfer layers 
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is a transient process involving continuous build-up and break-down. The friction 

and wear mechanisms for the polymer composites are also transient processes and 

need to be studied over long durations to enable accurate predictions of their long-

term tribological behaviour. Under some operating conditions the stainless-steel 

counter surface showed clear signs of abrasive wear caused by micro-cutting and 

micro-ploughing. This is caused by interaction with work hardened and oxidised 

steel wear debris as well as reinforcement and filler particles from the polymer 

composites. 

The parametric study showed that the coefficient of friction is decreasing with 

increased contact pressure due to higher concentrations of solid lubricants in the 

sliding interface. The wear rates showed an increasing trend with increased sliding 

speed due to thermal softening of the polymer composite materials. This was 

particularly pronounced at lower contact pressures, as a result of reduced 

availability of solid lubricants. The influence of stainless-steel counter surface 

topography revealed that too smooth steel surfaces result in higher friction and 

more wear of the steel, while rougher steel surfaces have a negative effect on the 

wear of the polymers. The effect of steel surface lay orientation with respect to the 

sliding direction differed between the polymer composites and was highly 

influenced by the initial surface roughness of the steel surface. However, for higher 

surface roughness, all polymer composites showed reduced friction with 

perpendicular lay compared to parallel due to thicker transfer layers. Increasing 

wear rate was observed when increasing the stroke length, especially when the 

stroke length is longer than the length of the polymer pin. This was accompanied 

by increased wear of the steel surface at the longest stroke length due to reduced 

entrapment of wear particles. The influence of stroke length on friction differed 

between the polymer composite materials. 

In summary, by optimizing the operating conditions for the self-lubricating 

polymer composite bearing materials in hydropower applications, it is possible to 

both save energy and prolong the useful lifetime of the bearings. Furthermore, the 

obtained data may be useful for selection of bearing materials for given operating 

conditions to ensure improved tribological performance of the bearings.
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  𝑡  Time 

 𝐴𝑟  Real area of contact 

 𝐴𝑁  Apparent (nominal) contact area 

 Ra Arithmetic average roughness 

 Sa Areal arithmetic mean roughness 
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1 Introduction 

In order to take action to combat the global climate crisis and its impacts, the 

government of Sweden has set an environmental goal to achieve 100 percent 

renewable energy production by 2040 [1]. The international goal is to reach net-

zero emissions by 2050 in order to limit the global temperature rise [2]. As a result, 

the electrical power system is undergoing an extensive conversion where a large 

part of the existing electricity production will largely be replaced by new variable 

renewable energy (VRE) sources [3]. VRE sources include wind, solar, and tidal 

power and produce energy intermittently instead of on demand. 

There is currently also a big change in electricity use with a shift towards 

intensified electrification of the transport and industrial sector [3], which entails 

significantly increased electrical power demand in the near future. 

Hydropower is today the largest renewable energy source providing almost half 

of the low-carbon electricity generation worldwide [4] and plays a key role in 

achieving the environmental goal. Hydropower plants are also a key asset for 

providing unmatched flexibility, stability, and storage for electricity systems. They 

can very rapidly ramp their electricity generation up and down as well as be 

stopped and restarted relatively smoothly, compared to other power plants such as 

nuclear, coal and natural gas [4]. This makes hydropower an enabler for integrating 

larger fraction of VRE sources. 

Over the last 20 years, the total hydropower capacity rose by 70 % globally, but 

its share of the total electricity generation remained stable due to the rapid growth 

of wind, solar photovoltaic, coal, and natural gas [4]. Around half of the 

economically viable potential of hydropower is untapped and even higher amount 

in emerging and developing economies. The forecast for the global hydropower 

capacity is a 17 % increase (230 GW), between 2021 and 2030. 

1.1 Challenges in Hydropower  
The production and consumption of electricity on the electrical grid have to be 

in balance at all times and kept close to the nominal grid frequency (50 Hz in the 

Nordic grid) [5], [6]. Imbalance between production and consumption gives rise 

to changes in the grid frequency, with a rise if the production is higher than the 

consumption, and vice versa [6]. If the grid frequency deviates too much from its 

nominal value, there is a risk of large-scale blackout [5], [6]. In order to prevent 

this, grid frequency control is used. This involves production and consumption 

units that measure the grid frequency and adjust their production or consumption 

to maintain the balance in the electrical grid [6]. In the Nordic power system, it is 

mostly carried out by the hydropower plants due to their flexibility and lower 

efficiency losses, than most other power sources [5]. 
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Two important electrical grid properties that helps stabilize the grid frequency 

are inertia and damping. More inertia reduces the rate of change of the grid 

frequency and damping reduces the power imbalance between production and 

consumption as the grid frequency changes [6]. VRE production rarely contribute 

with inertia or damping as these sources usually are connected to the grid through 

full-power converters [7] and hence the electrical grid frequency stability 

decreases as the share of VRE production increases [6]. 

In recent years, the use of VRE sources such as wind power and solar 

photovoltaic, whose electricity production is strongly influenced by the weather, 

time of the day or season, has rapidly grown as seen in Figure 1. The rapid 

integration of these sources into the electricity systems lowers the grid frequency 

stability and requires active control of the power output to compensate for 

fluctuations in supply. As a consequence, the hydropower shoulders a large portion 

of the regulation and balancing duty in many power systems [8]. The increased 

control of the hydropower plants together with the deregulation of electricity 

markets leads to a significantly higher number of load cycles with varying small 

sliding amplitudes for critical turbine components such as the sliding bearings. 

This contributes to a higher number of pressure fluctuations and longer 

accumulated wear distance that have a negative effect on the service life of these 

components in the hydropower turbines [5], [9]. 

 
Figure 1. Global electricity production by source for the interval 1985-2020. “Other 

renewables” includes biomass and waste, geothermal, wave and tidal energy sources. 

Adapted figure based on the figure presented by [10]. The data is based on BP statistical 

review of world energy and Ember. 

In Europe, the average hydropower plant is 45 years old and in North America 

nearly 50 years [4]. This means that the majority of the hydropower plants have 

been designed for operating conditions that significantly differ from the ones that 
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are prevalent today [11], i.e. fewer start/stop and less frequent load variations. The 

new requirements for hydropower, i.e. supply of electricity on demand, has a 

negative effect on the service life of the turbines [9], [12]–[14] and can lead to 

reduced productivity and in the worst case turbine failure [12]. 

Another challenge for the hydropower, arisen from the increased environmental 

awareness, is the tougher environmental legislation and requirements related to 

elimination of potential pollution caused by the leakage of grease and oil to the 

environment. Runner hubs of large Kaplan turbines have generally been 

completely oil-filled since they were introduced in the 1920s with bronze used as 

bearing material [15]. An average sized oil-filled runner hub contains about 2-3 

m3 of turbine oil but a large hub can contain more than 10 m3. This involves a high 

potential risk that a large amount of oil could be leaked out to the fresh water in 

the connected river in case of break down or leakage from the turbine [16], [17]. 

In order to minimize the risk for oil spills, and thereby water pollution, a shift 

towards oil-free or oil-less solutions for turbines and bearings has taken place 

during the last decades [15]–[18]. These solutions involve replacement of the 

grease or oil lubricated bronze bearings with self-lubricating composite bearings, 

mainly polymer based materials [18].  

1.2 Bearings and operating conditions in a Kaplan 

turbine 
The kinetic energy from flowing water is converted to mechanical energy by a 

hydraulic turbine and a hydroelectric generator convert this mechanical energy 

into electrical energy. There are two main types of hydraulic turbines, namely 

reaction and impulse. The type of turbine selected for a facility depends on the 

height of standing water (head) and the flow, or volume of water over time, at the 

site. There are also other deciding factors such as turbine efficiency and cost. 

Kaplan turbine is a reaction turbine and the most common turbine type in Sweden 

due to the wide operation range with high efficiency (peaking above 95 %), low 

heads (up to 70 m) and high flow rates. 

The power output of Kaplan turbines is controlled by adjustment of the guide 

vanes and the turbine blades (Figure 2). The motion of the vanes and blades is 

supported by a number of radial and axial sliding bearings, operating at dry or 

water lubricated conditions and at high contact pressures (up to 80 MPa) and low 

sliding speeds (4–30 mm/s). These operating conditions for the bearings depends 

on the size of the turbine and since the turbines are usually customized for each 

site, the design differs between the applications. The guide vanes are supported by 

several radial bearings with a diameter of approximately 0.1–0.3 m. During 

adjustment (control) of the guide vanes, the maximum opening/closing angle is 

usually 50–55° and the duration is about 5 s. This gives an average sliding speed 

within the range of 9–29 mm/s, depending on the diameter of the bearing and the 
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operating angle. The projected average contact pressure for the guide vanes 

bearings is around 5–15 MPa. 

The motion of each turbine blade is supported by two radial bearing and one 

axial bearing. The projected average contact pressure for the radial bearings is 

around 40 MPa but the edge loading effect contributes to higher local contact 

pressure (60 MPa or more) at the edges. The diameters of the radial bearings in the 

turbine blades are usually in the range of 0.5–1.5 m. During adjustment of the 

turbine blades, the maximum opening/closing angle is usually 25–35° and the 

duration is between 15 to 30 s. This gives an average sliding speed within the range 

of 4–31 mm/s. However, during frequency control, the blades are usually adjusted 

between 0.5–1.0°. The peak contact pressure for the axial bearing in the turbine 

blade is usually around 50 MPa.  

 
Figure 2. Schematic of a Kaplan turbine and examples of radial bearings in the turbine 

to enable motion of the guide vanes and the turbine blades. Adapted from [19]. 

The bearings in the guide vanes and turbine blades are critical components that 

are directly affected by the increased control of the hydropower plants with 

increased number of small oscillatory movements and longer accumulated sliding 

distances that can lead to a reduction of the bearing life by a factor of 20 [20]. 

According to Gawarkiewicz and Wasilczuk [21], and based on monitoring of 

hydropower plants, the small oscillatory movement is the most important 

parameter contributing to the sliding distance and the actual sliding distance tends 

to be smaller than the apparent one. As a consequence of the changed operating 

conditions, in recent years, several bearing failures have been reported in the 

turbines operating at these more fluctuating conditions [9]. According to the 
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insurance sector, statistically, bearing failures cause around 40 % of operating 

losses (by number) in hydropower turbo generators [22]. 

Therefore, it is crucial to investigate the effect of changes in operating 

conditions on the friction and wear behaviour of bearing materials used in 

hydropower applications today. This knowledge can be used to make proper 

material selections and optimizing the operating conditions to obtain lower friction 

and wear, which can lead to increased productivity and lower costs. 

1.3 Tribology 
The word tribology comes from Greek words “tribos”, which means rubbing, 

and “logos”, which means science or principle, so it is the science of interacting 

surfaces in relative motion and relates to friction, wear and lubrication [23], [24]. 

The concept of tribology was coined in 1966 in a report by the UK department of 

education and science (commonly known as the Jost Report), chaired by Dr. H. 

Peter Jost [25], [26]. The study was commissioned by the British government to 

investigate the increased reported failures of plant and machinery due to wear and 

associated causes which resulted in high financial losses [25]. The Jost Report 

estimated that by the application of basic principles of tribology, the UK economy 

could save ₤515 million per annum [26]. Shortly after, tribology was defined by 

the Oxford English Dictionary as “the science and technology of interacting 

surfaces in relative motion and of related subjects and practices” [27]. Tribology 

is an interdisciplinary area and includes physics, chemistry, solid mechanics, fluid 

mechanics, heat transfer, material science, lubricants rheology, reliability and 

performance [28]. We are surrounded by tribological contacts in our everyday life 

from bearings, gears, and cars to joints in our body, cooking equipment, and skiing. 

The field of tribology has grown tremendously since it was defined and continues 

to grow in importance in our modern society, especially as green tribology emerges 

in response to the growing environmental crisis. 

Tribology is a complex field of study because of the great variety of types, 

modes, and processes of friction, wear and lubrication which determine the 

behaviour of any tribological system [29]. Factors such as type of motion (i.e. 

sliding, rolling, impact, etc.), type of materials (solid, fluid, metal, polymer, etc.), 

surrounding environment (dry, lubricants, gas, etc.), type of interfacial tribological 

process (hydrodynamics, adhesion, abrasions, etc.), and operating conditions (i.e. 

contact pressure, velocity, surface roughness, sliding amplitude, etc.) will 

influence the tribological behaviour, and the governing mechanisms of the studied 

system. This section is limited to friction and wear of solids in sliding motion. 

1.3.1 Friction  

Friction is defined as the resisting force tangential to the interface between two 

solid bodies in contact when, under the action of an external force, one body 

moves, or tends to move, relative to the surface of the other [30]. The friction force, 
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𝐹𝑓, is the finite force that is required to initiate or maintain sliding when two bodies 

are placed in contact under a normal load, 𝐹𝑁 [29]. Up to this date, little progress 

has been made in finding an exact physical description of friction since the 

following phenomenological friction laws were established by Amontons (1699) 

and Coulomb (1783), also known as the “Amontons-Coulomb laws” [31]: 

1. Friction is proportional to the load (i.e., to the applied normal load), 

2. Friction is independent of the apparent contact area, 

3. Sliding friction is independent of the sliding velocity. 

These laws have showed to hold true in the case of dry friction (or Coulomb 

friction), meaning that there is no lubrication between the two interacting bodies. 

There exists several friction models for transient sliding contacts and such a model 

should depend on parameters such as geometry of contact surfaces, their 

properties, the running conditions, and any lubricants used [32]. The most 

commonly used friction model for sliding surfaces is the Coulomb friction model 

in which the coefficient of friction, µ , is defined using the first of the 

abovementioned friction laws according to [29], [32]: 

 

µ =
𝐹𝑓

𝐹𝑁

 (1.1) 

It is important to highlight that the coefficient of friction is system dependent 

and not a material property. The coefficient of friction can be static, 𝜇𝑠, or kinetic 

(dynamic) , 𝜇𝑑. The coefficient of static friction is the ratio of the maximum static 

friction force, just before movement initiates, to the normal load. The coefficient 

of dynamic friction is the ratio of the kinetic friction force during movement to the 

normal load [33]. The coefficient of friction between sliding surfaces depends on 

various combined effects of asperity deformation, ploughing by wear particles and 

hard surface asperities as well as adhesion between the surfaces [34]. Hence, the 

surface topography of the surfaces in contact has a high influence on the friction 

behaviour. 

1.3.2 Wear  

According to ASTM, wear is defined as “damage to a solid surface, generally 

involving progressive loss of material due to relative motion between that surface 

and a contacting substance or substances” [35]. Wear of materials occurs by many 

different mechanisms depending on the materials, the environmental, and 

operating conditions and the geometry of the wearing bodies [36]. The wear 

mechanisms can be classified into two main groups, where the first corresponds to 

those primarily dominated by the mechanical behaviour of solids and the second 

to those primarily dominated by chemical behaviour of materials [29]. The 

dominant wear behaviour is hence determined by factors such as the mechanical 

properties and chemical stability of materials, and operating conditions.  
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In order to understand the process of wear, the complexity of generation of wear 

debris (particles) needs to be considered. The chain of events leading to generation 

of wear particles, and material removal from a surface, is initiated by two broad 

classes of tribological processes, as illustrated in Figure 3. The first class 

corresponds to stress interactions due to a combined action of the forces from 

normal load and friction. This leads to wear processes broadly described as surface 

fatigue and abrasion. The second class corresponds to material interactions due to 

intermolecular forces, either between the interacting surfaces or the interacting 

surfaces and the interfacial media or surrounding environment. This leads to wear 

processes broadly described as tribochemical reactions and adhesion [29]. 

In summary, the wear behaviour of materials is a complex phenomenon in 

which various mechanisms and influencing factors are involved. 

 
Figure 3. Tribological interactions and wear mechanisms. Inspired by [29]. 

Under constant conditions (load, velocity, temperature and environment), wear 

generally tend to stabilise after a running-in period and enter a steady state wear 

regime. During this phase, the wear rate is assumed to increase linearly according 

to Archard’s equation [37], which is a commonly used model for sliding wear in 

steady state. In order to estimate the specific wear rate coefficient, 𝑘𝑖 , the 

Archard’s equation is reformulated as: 

 

ℎ𝑖 = 𝑘𝑖𝑝𝑣𝑡 (1.2) 

where ℎ𝑖 is the wear depth, 𝑝 is the nominal contact pressure, 𝑣 is the sliding 

speed and 𝑡  is time. Index 𝑖  refers to the examined sliding surface, since the 

contacting surfaces usually wear at different rates. 
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1.3.3 Surface roughness 

The surface roughness of the interacting surfaces in a tribological system has a 

significant influence on the tribological performance. There are several parameters 

that can be used for characterizing surface roughness of a surface. However, none 

of these parameters is an intrinsic property of a real surface and the numerical 

values often depend on the scale of the measurement. The real surfaces also reveal 

new complexities in their structures as they are examined in finer and finer detail 

[38]. 

The most common surface roughness parameter used to characterize a surface 

in many standards is the arithmetic average roughness parameter Ra. It is defined 

as the average absolute deviation from a mean (centre) line over one sampling 

length, 𝐿, (Figure 4) using the following mathematical definition [38]: 

 

𝑅𝑎 =
1

𝐿
∫ |𝑍(𝑥)|𝑑𝑥

𝐿

0

 (1.3) 

where 𝑍(𝑥) is the profile height function. Depending on the standard, this value 

is usually averaged over several consecutive sampling lengths [38].  

 
Figure 4. Definition of arithmetic average roughness parameter Ra according to ISO 

4287. Adapted from [39]. 

It is important to highlight that profiles with the same or similar Ra value can 

have different appearance and hence different operational features, as illustrated 

in Figure 5. Hence, depending on the important features of the geometric surface 

structure, additional roughness parameters need to be selected, which gives the 

most appropriate information for evaluation of the functional characteristics [40]. 

Another parameter generally used to evaluate surface roughness is the areal 

arithmetic mean roughness Sa which is an extension of Ra (arithmetical average 

height of a line) to a surface. It is defined as the average (mean) of the absolute 

values of the surface heights above and below the mean plane within the sampling 

area, 𝐴, [41] and it can be calculated using the following mathematical expression: 

 
𝑆𝑎 =

1

𝐴
∬|𝑍(𝑥, 𝑦)|𝑑𝑥𝑑𝑦

𝐴

 (1.4) 

where 𝑍(𝑥, 𝑦) is the sampling area height function. 
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Figure 5. Comparison of profiles with the same Ra value [42]. 

1.3.4 Real area of contact 

Considering two surfaces in contact, the apparent (nominal) contact area, 𝐴𝑁, is 

the surface area without taking surface roughness or topography into 

consideration. However, due to the surface roughness only part of the nominal 

surfaces will actually be in contact (Figure 6). The summation of individual contact 

spots (marked with red in the figure) gives the real area of contact, 𝐴𝑟, which is 

generally much smaller than the apparent geometrical contact area. Smoother 

surfaces will result in increased number of contact spots compared to a rougher 

surface [43]. Hence, 𝐴𝑟 is increasing with decreased surface roughness [44]. 

For polymer materials, viscoelastic and viscoplastic effects can lead to a time-

dependence of 𝐴𝑟 as well as to hysteresis losses in loading/unloading cycles [29].  

 
Figure 6. A simplified schematic of two rough surfaces in contact illustrating the 

apparent contact area and the real area of contact (sum of the red areas). Inspired by 

[29]. 

1.3.5 Lubrication  

Lubrication is essential for many tribological contacts in order to control friction 

and wear by introducing a friction-reducing film (lubricant) between the 

contacting surfaces. The lubricant is often an easily sheared material that can be in 
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solid, liquid or gas form. Lubricants have several functions such as reducing 

friction, preventing wear, protecting machine elements from oxidation and 

corrosion as well as providing dampening and cushioning of components under 

high stress, controlling temperature and contamination, and sealing by filling in 

uneven surfaces.  

The most commonly used liquid lubricants are different kinds of oils, which can 

be mineral or synthetic. An oil usually consists of a base fluid, where viscosity is 

the most important property, and additives, which can be organic or inorganic 

compounds dissolved or suspended as solids in the oil. Additives, have several 

roles and functions within the lubricants such as enhance the base oil properties 

with antioxidants, corrosion inhibitors, anti-foam agents, viscosity index 

improvers, extreme pressure additives, metal deactivators, and many more. 

Grease is another commonly used lubricant, which is a semi-solid lubricant, 

obtained by thickening of lubricating oil by addition of a soap. Greases can also 

contain additives to enhance their properties and are for example used in bearing 

applications that operate at moderate speeds where temperatures are not 

excessively high. Oils, on the other hand, performs better under high speed and 

extreme friction applications. In heavy machines operating at extreme contact 

pressures and low sliding speeds or reciprocating motion as well as high 

temperatures, solid lubricants are commonly used, which are lubricants in solid 

form. Solid lubricants can be used as coatings (both film of a solid lubricants 

applied to the part of surface but also particles added to the coating), filler materials 

in a composite material, powder delivered to the rubbing area or additives in 

lubricating oils or greases. The most commonly used solid lubricants with lamellar 

structure, which allows easy shearing, are graphite and molybdenum disulphide 

(MoS2). Even between highly loaded stationary surfaces, the lamellar structure is 

able to prevent direct contact between the solid surfaces, in contrast to liquid 

lubricants. Other commonly used solid lubricants are polytetrafluorethylene 

(PTFE) and boron nitride. PTFE does not have a lamellar structure but the macro 

molecules of PTFE slip easily along each other, similar to the lamellar structure. 

In sliding or rolling contacts different regimes of lubrication may exist, usually 

classified by using the Stribeck curve, which is schematically shown in Figure 7. 

There are generally three lubrications regimes.  

Boundary lubrication (BL) occurs when the sliding surfaces are separated by a 

very thin molecular lubricant film with a thickness lower than the surface 

roughness of the contacting surfaces. In this lubrication regime, the normal load is 

mainly transmitted by mechanical contact, i.e. by the asperities, leading to a higher 

coefficient of friction. BL occurs for example when the sliding speed is low and 

the hydrodynamic pressure build up is negligible such as during starting, stopping 

or reciprocating motion of journal bearings. Mixed lubrication (ML) regime is a 

transient stage between BL and full film (FL) lubrication where the hydrodynamic 

pressure starts to build up and the load is partially carried by an oil film but some 

of the load is still transmitted by the asperities. In FL regime, the two surfaces in 
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contact are completely separated from each other by the lubricant film that carries 

the entire load, resulting in reduced friction. The FL regime includes two sub-

regimes, namely hydrodynamic lubrication (HL) and elastohydrodynamic 

lubrication (EHL). The difference between these two is that in HL the solid 

deformation is much smaller than the thickness of the lubricant film and can be 

ignored, while in EHL the deformation is of the same order of magnitude as the 

thickness of the film, usually in the range of nanometres to micrometres and thus 

in needs to be considered. The EHL regime has the lowest friction coefficient and 

is therefore the optimal condition for lubrication. 

 
Figure 7. A schematic Stribeck curve with extrapolated region for dry contacts. 

If the Stribeck curve is extrapolated to the left it can also illustrate dry contacts, 

i.e. sliding without additional lubrication. In such tribological contacts the 

tribological performance is mainly governed by the materials, operating conditions 

and surrounding environment. The radial bearings used to support the guide vanes 

and turbine blades in a Kaplan turbine are usually operating in this regime or in 

BL regime with water as lubricant. 

1.4 Polymer composites and tribology 
Composites are defined as materials that consist of two or more chemically and 

physically different phases (matrix phase and dispersed phase(s)) separated by a 

distinct interface. The matrix is the primary phase, having a continuous form and 
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is usually a more ductile and less hard phase in the composite. The dispersed phase, 

sometimes referred to in literature as the reinforcing phase if it is stronger than the 

matrix, is usually embedded in the matrix in a discontinuous form [45]. 

The constituents are combined with care to achieve a system with more useful 

structural or functional properties that cannot be achieved by any of the 

components alone. The main difference between a composite and a blend is that 

the constituents in the composite remain recognizable in contrast to the blend [45]. 

Although the constituents in a composite act together to improve the material 

properties with respect to stiffness, strength, and toughness, they do not dissolve 

or completely merge together, hence they retain their identities in the composite 

[46]. The resulting properties of the composite is highly influenced by the 

distribution, relative amounts and geometries of the constituents. 

Composites are usually classified on the basis of their matrix phase, into three 

main groups, namely metal matrix composites, ceramic matrix composites and 

polymer matrix composites [45]. The latter is most commonly referred to as 

polymer composites in the literature and have become the materials of 21st century, 

found in most industrial applications [47]. The advantages of polymer composites 

are their chemical and corrosion resistance, lightweight, high specific strength, 

stiffness, durability, cost efficiency, easy to manufacture and possibility to adjust 

to most shapes. Their heterogeneous composition provides unlimited possibilities 

of deriving any characteristic material behaviour [48]. Polymer composites have 

also showed excellent friction and wear performance after addition of functional 

fillers and reinforcements [47]. 

The matrix phase of a polymer composite, also referred to as bulk material, 

consists of a polymer or a polymer blend. Polymers are composed of long molecule 

chains, called macromolecules, which consist of large number of linked, small 

repeat units. The units from which polymers are synthesized are called monomers. 

Homopolymers are made from one kind of monomer and copolymers (polymer 

blend) from several kind of monomers [49]. There is a large number of different 

polymers used as bulk material in polymer composites but they are usually divided 

in to two types, namely thermoplastics and thermosets [50]. A thermoset is an 

infusible, insoluble, and chemically cross-linked polymer formed from an 

irreversible curing process (induced by heat and/or radiation) of constituents in a 

liquid, soft solid or viscous state [51], [52]. Thermoset polymers such as epoxies, 

phenolics, polyesters, polyamides, and amino plastics exhibit superior thermal and 

mechanical properties, and better dimensional stability than thermoplastics, due to 

the presence of chemically cross-linked networks [53]. Thermoplastic polymers 

such as PTFE, polyetheretherketone (PEEK), polyethylene terephthalate (PET), 

polycarbonate, polyvinylchloride, and nylon do not cross-link. Instead, they 

merely melt from a solid to a liquid and then cool back to a solid and are either 

made from condensation or addition polymerization. The thermoset bonds are 

covalent and cross-linked while the thermoplastic bonds are covalent and hence 

weaker [54]. Thermoplastics are easier to recycle since unlike thermosets they can 
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be melted and remoulded [55]. Other advantages of the thermoplastics is their 

ability to be processed rapidly, improved fracture toughness over thermosets, and 

ability to be easily joined using welding techniques [56]. The advantage of 

thermosets are instead their excellent strength (although they are brittle) and their 

ability to retain their strength and shape even when heated. 

In order to enhance the general poor wear resistance of neat polymers, various 

fillers are used to develop polymer composites, as illustrated in Figure 8. The term 

fillers is a collective term for the added phases to the polymer matrix, which can 

be one or several in a composite. There is a large variety of different fillers used 

for the polymer composites such as reinforcement fibres, solid lubricants, 

inorganic particles, metal powder, and many more. They vary in size, from nano- 

to macro-scale, as well as in shape.   

 
Figure 8. Systematic illustration of the structural components of composite materials. 

Inspired by [57]. 

Reinforcement fibres made of for example glass, carbon, polyester, and aramid 

fibres are used to improve the strength of the polymer composite and hence also 

the load carrying capacity of the material as well as creep resistance and stiffness. 

This makes fibres a good filler in materials intended for high contact pressures. 

The reinforcement fibres are used as fillers in three basic forms: continuous fibres 

which are long, multi-directional continuous fibres such as woven fabrics or 

stitched layers that provides multidirectional strength with orientations adapted to 

the loading conditions, and chopped fibres which are short and generally randomly 

distributed.  

Solid lubricants such as PTFE, graphite, and MoS2 are added to reduce the 

coefficient of friction and wear rate during sliding between the polymer composite 

and a counter surface by formation of protective and lubricating transfer layers. 

Polymer tribology is more complex and less understood compared to metals 

[58]. Polymer/metal contacts do not usually follow the well-established friction 
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laws due to their relative softness compared to metals, significantly lower melting 

points, and lower thermal conductivity associated with heat generation. 

1.4.1 Friction mechanisms 

Friction is governed by the processes prevailing on the surface layers of sliding 

bodies and is a common phenomenon in everyday life and various applications 

[59]. It is generally recognized that the frictional force between two surfaces in 

relative motion comprises two principal components, namely adhesion (𝐹𝑎𝑑ℎ𝑒𝑠𝑖𝑜𝑛) 

and deformation (𝐹𝑑𝑒𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛) [29], [59]–[61]. Hence the total friction force, 𝐹𝑓, 

is given by: 

 

𝐹 = 𝐹𝑎𝑑ℎ𝑒𝑠𝑖𝑜𝑛 + 𝐹𝑑𝑒𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 (1.1) 

The adhesion component of friction (Figure 9 (V)) arises from formation and 

rupture of the adhesive junctions (bonds) formed at the asperity contact points. To 

initiate or maintain sliding between the contacting surfaces, these junctions require 

shearing and the required shear strength is related to the adhesion component [59], 

[60]. The interfacial forces holding the two bodies together may stem from van der 

Waals forces, chemical bonding, or electrostatic attraction. The mechanical 

strength of the system is not only determined by the interfacial forces but also the 

mechanical properties of the interfacial zone and the two bulk phases [62]. The 

adhesion component is influenced by the interfacial strength and surface energy, 

and it is important to emphasize that these characteristics are related to the given 

pair of materials and not the individual materials alone [29]. In case of polymer 

tribology, the adhesion component of friction is believed to exceed the 

deformation component [59]. 

The deformation component of friction is also sometimes referred to as the 

ploughing or displacement component of friction in the literature [60]. This 

component results from the interpenetration of asperities on the two bodies or by 

entrapped wear debris, necessitating the displacement of material during sliding 

[60]. In tangential motion, a force (𝐹𝑑𝑒𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛) results because of the ploughing 

resistance [29]. Polymer surface asperities experience elastic, plastic and 

viscoelastic deformation depending on the properties of the material [59]. 

Kraghelskii [63] divided the deformation component of friction into four types 

(Figure 9), namely: elastic displacement (I), plastic displacement (II), shearing 

with cutting of the bulk material (III), and shearing of surface films, such as 

transfer layers (IV). The fifth procedure in Figure 9 corresponds to adhesion 

component of friction. The relative importance of the contribution from each of 

the types to the total frictional force depends on the type of motion involved, the 

surface topography, and the physical and mechanical properties of the materials 

[60]. 
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Figure 9. Systematic representation of the different procedures in which the interfacial 

bonds are disrupted during sliding motion [63]. 

When a polymer is sliding against a rough steel surface, the deformation 

component increases, while for smooth counter surfaces the adhesion becomes 

more important [64]. This is due to the higher number of contact points on a 

smoother surface that contributes to a higher shear stress that need to be overcome 

to slide against the polymer surface [44]. 

1.4.2 Wear mechanisms 

Similar to friction, the wear behaviour of materials is also a complex 

phenomenon in which different mechanisms and influencing factors are involved 

[29]. Burwell [65] carried out a survey of possible wear mechanisms and proposed 

a classification of these into four principal types according to: (1) adhesive, (2) 

abrasive, (3) corrosive, and (4) surface fatigue. However, additional wear 

mechanisms were also discussed such as erosion. Based on this classification, 

Czichos [29] proposed similar four classes of wear mechanisms (Figure 3) but with 

the title tribochemical processes instead of corrosive wear. In this section, the most 

important wear processes for polymers and polymer composites are described. 

1.4.2.1 Adhesive wear 

Adhesive wear is initiated by the localized interfacial adhesive junctions 

(bonds) formed between the contacting surfaces in the real area of contact [29], 

[59], [66]. If the interfacial bonding between the polymer and metal is stronger 

than the cohesive strength of the polymer, adhesive wear occurs [59] and material 

is transferred from the polymer to the metal counter surface, as illustrated in Figure 

10. This is the main mechanism behind formation of transfer layers. If the 

interfacial bonding between the polymer and metal is weaker than the cohesive 

strength of the polymer, fracture occurs at the interface. The strength of the 

adhesive bonding is influenced by the nature of the surfaces in contact as well as 

the surface chemistry and the stresses in the surface layers. 

Adhesive wear is usually accompanied by other wear mechanisms such as 

abrasion and fatigue [66].  
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Figure 10. Schematic illustration of formation (left) and rupture (right) of adhesive 

junctions [67]. 

1.4.2.2 Abrasive wear 

Abrasive wear is defined as wear by displacement of material from surfaces in 

relative motion caused by the presence of hard asperities or hard particles either 

between the surfaces or embedded in one of them [68]. The first part of the 

definition corresponds to two-body abrasion such as when a softer polymer is 

sliding against a rough, harder metal counter surface. The second part of the 

definition corresponds to three-body abrasion, which is prevalent when abrasive 

particles are introduced into the sliding system, either as contaminants or as a result 

of the two-body abrasion or corrosion. 

Abrasive wear occurs in situations when there is a direct physical contact 

between two surfaces and one of the surfaces is considerably harder than the other. 

In a sliding polymer-metal contact, the surface asperities of the harder metal press 

into and deforms and/or removes the softer polymer material by combined effects 

of micro-ploughing and micro-cutting [29], [66], [67].  

During micro-ploughing (Figure 11 (a)) the polymer surface is subjected to 

plastic deformation caused by a particle or asperity. This results in material being 

pushed ahead of the asperity/particle as well as continuously displaced sideways 

and forming ridges along the groove [66]. This abrasive wear mechanism is 

characterized by absence of removed material from the softer surface. In contrast, 

during micro-cutting (Figure 11 (a)) the particle/asperity cuts into the softer 

polymer surface and the displaced material is removed as a chip-like debris. 

 
Figure 11. Schematic illustration of the abrasive wear mechanisms: a) micro-

ploughing, and b) micro-cutting. Adapted from [69]. 
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Abrasion mechanisms are usually more present during running-in before the 

transfer layers have been formed [70]. 

1.4.2.3 Surface fatigue 

Under repeated tribological loading, surface fatigue phenomena may occur and 

eventually leads to generation of wear particles. This is mainly caused by the cyclic 

stresses of the asperities on the contacting surfaces, leading to stress 

concentrations, microstructural changes, propagation of cracks and eventually 

material delamination [29]. The characteristic feature of fatigue is accumulation of 

irreversible microstructural changes, which give rise to initiation and propagation 

of cracks [66]. These cracks are initiated at the points where the maximum 

tangential stress or tensile strain takes place, and this is dependent on the 

coefficient of friction. The initiation of the cracks is assisted by defects on the 

surface or in the sub-surface region such as scratches, dents, marks, impurities, 

voids, and cavities, which are responsible for stress concentrations. The cracks on 

the surface or sub-surface will gradually grow and join or cross each other or the 

surface due to the repeated stressing until wear debris are detached after a certain 

number of load cycles [66]. 

Delamination wear is a progressive surface fatigue wear where the fatigue 

process applies over a larger surface area of the polymer [67]. Contrary to surface 

fatigue, initiation of delamination wear is restricted to the sub-surface region. In 

delamination theory, layers of the material are separated from the surface of the 

bulk material due to the cyclic stresses applied on the sub-surface layers [67]. The 

detached wear particles from delamination wear are thin and characterized by their 

flake-like or sheet-like shape [29], [67]. 

1.4.3 The role of transfer layers on friction and wear 

When polymers are sliding against a metal, material is transferred from the 

polymer onto the metal surface due to localized bonding between the contacting 

surfaces [66]. This phenomenon contributes to formation of protective transfer 

layers on the metal counter surface, which affects the friction and wear behaviour 

of the system. When transfer layers are formed, the zone of active shear is shifted 

from the polymer-metal interface to the polymer-transferred polymer interface 

[71]. Formation of coherent and continuous transfer film on the metal counter 

surface is associated with low friction whereas lumpy and non-coherent transfer is 

associated with higher friction [71]. Others report that a thin uniform transfer layer 

is required to reduce friction and wear [72]–[74]. Both the degree of transfer and 

the physical characteristics of the transfer layer are important [75]. 

Transfer of material is mainly governed by adhesion but accompanied by other 

wear mechanisms such as abrasion and fatigue [66]. The development of transfer 

layers and their role on friction and wear has been summarized in [76], [77]. It is 

clear that the transfer layers significantly influence the friction and wear behaviour 

during polymer-metal sliding as the layers provide protection of the softer polymer 
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surface from the harder metal asperities and acts as a lubricant due to presence of 

solid lubricants in the sliding interface, contributing to reduction in friction [76]. 

This enables the self-lubricating ability of the self-lubricating polymer composites, 

which often have one or several types of solid lubricants incorporated in the 

material. According to Myshkin et al. [66], it is also possible that particles of the 

harder material such as the steel is transferred to the softer polymer surface and 

embedded in the polymer surface and acts abrasive on the harder surface. 

According to Bahadur [76], three main mechanisms contribute to material 

transfer and formation of transfer layers. The first is the deformation of the surface 

under load, the second is fracture of material in the substrate and the third is 

transfer of this material to the counter surface. The first two mechanisms are 

governed by the stress state at the interface, which is influenced by the normal 

load, contact geometry, and the coefficient of friction. Vande Voort and Bahadur 

[78] reported formation of transfer layers on tool steel already after the first sliding 

traverse of a PEEK composite. The polymer fragments were sheared from the 

polymer by the sharp asperities on the steel surface and attached in the crevices of 

these asperities. During repetitive sliding, the amount of transfer layers increased 

and agglomeration of smaller transfer layer took place forming larger transfer layer 

patches. However, even after 141 000 cycles only a small part of the steel surface 

was covered with transfer layers. This was attributed to poor adhesion of the 

transfer layers to the steel surface. According to Franklin [75], in the case of a hard 

mating surface such as tool steel, mechanical anchoring (interlocking) effects 

together with physical and chemical adhesion phenomena influence the degree of 

transfer layers. The surface topography of the counter surface in relation to the 

sliding direction influence transfer layer formation and hence the tribological 

behaviour. Simultaneously, the transfer layers changes the counter surface 

roughness and if the valleys are filled up with transfer layers the surface will 

become smoother and hence increase the 𝐴𝑟. 

The formation of transfer layers and their role on the friction and wear depends 

on the system and for many systems, transfer layers are worn away during 

repetitive sliding, which limits their protective and lubricating ability [77]. When 

the transfer layers detach from the steel surface and new transfer layers are built 

up, the wear rate is increasing [66]. This also suggests that the wear rates during 

running-in are higher than during steady state due to formation of transfer layers. 

Strong adhesion of the transfer layer to the counter surface and development of 

coherent and continuous layers are prerequisites for low friction and wear [71].  

The underlying mechanisms behind transfer layer formation and breakdown as 

well as thickness of the layers are still not fully understood, despite of their 

importance on the tribological behaviour [76], [77]. This is partly attributed to the 

lack of quantitative and in-situ methods to study transfer layers as most techniques 

are qualitative and post-mortem [69]. The other reason is the many factors 

influencing the transfer layers such as sliding conditions (sliding speed, contact 

pressure, environment, temperature, etc.), structure of the polymer (backbone 
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flexibility, side chains, pendant groups, crystallinity), surface roughness, and 

chemical reactivity of the counter surface. Many of these factors are interacting 

and this make it difficult to fully understand their role on the transfer layers. 

1.4.4 Effect of fillers 

Addition of different fillers in polymer composites enables the possibility to 

improve the mechanical properties and tribological behaviour of neat polymers 

[59]. There is a large variety of various fillers such as reinforcement fibres or 

particles, solid lubricants, and metal powders, just to mention a few. This gives 

endless possible combinations for the developed polymer composites and even 

small additions of fillers can give rise to significantly different properties and 

performance.  

Solid lubricants such as PTFE, MoS2, and graphite are added to polymers in 

order to reduce friction and wear by formation of transfer layers on the counter 

surface as well as increase the adhesion between the transfer layers and the counter 

surface [59], [76], [79]–[81]. The reduction in friction decreases the frictional 

heating, which increases the limiting speed [82]. However, the addition of solid 

lubricants tends to reduce the strength and load carrying capacity of the polymer. 

Samyn and Schoukens [83], reported reduced friction and wear for all tested 

sliding speeds and pressures for PI filled with 20 wt.% PTFE compared to the neat 

polymer. This can be explained by formation of PTFE transfer layer on the counter 

surface. Bahadur and Polineni [79] reported an earlier transition to steady state 

wear and reduced wear and friction with addition of PTFE (10 wt.%) to glass-

fabric reinforced polyamide 11 containing Copper(II) oxide (CuO) as additional 

filler. This was attributed to uniform transfer layers and reduced friction, which 

led to a lower temperature rise. It was also found that when lowering the 

concentration of CuO particulate filler, friction was further reduced but led to a 

significantly increased wear. Similar behaviour was seen for the content of the 

glass-fabric, with an increased wear with lower content but decreased friction. This 

exemplifies that alternating the filler content can be a trade-off between low 

friction and low wear. 

Incorporation of solid lubricants to polymers does not automatically improve 

the tribological performance of the polymer composite. As an example, Friedrich 

et al. [84] reported a marginal effect of PTFE addition (10 wt.%) on the wear 

performance of short carbon fibre (CF) reinforced polyethernitrile (PEN). Instead, 

addition of PTFE resulted in a composite with significantly lower fracture 

toughness. 

Mens and Gee [85], studied the influence of PTFE addition on the tribological 

performance of six neat polymers (polyamide 66 (PA66), polyoxymethylene 

(POM), PET, PEEK, polyphenylene sulfide (PPS), and polyethylenimine (PEI)) 

sliding against steel, under dry and water lubricated conditions. Under dry 

conditions, all polymers showed reduced friction and wear with addition of PTFE, 

whereas in water the PTFE did not showed improved behaviour. This was 
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attributed to a decreased formation of transfer layers on the steel counter surface 

when water was present in the contact. They also studied the effect of PTFE 

content (0–20 wt.%) on the tribological performance of PA66 and found that it 

improved with increased content until 15 wt.% where it had the best performance, 

followed by a reduction at higher PTFE content. Further, addition of glass fibres 

to the PTFE filled polymer composites resulted in overall increased friction and 

wear, for majority of the polymers, especially under water lubricated conditions. 

Enhanced wear resistance with addition of MoS2 have been reported for PA66, 

while coefficient or friction was marginally affected [80]. Similar friction 

behaviour was reported in [86] for polyamide 6 (PA6) but the wear showed 

opposite behaviour with reduced wear resistance with addition of MoS2. Weimin 

et al. [86] explained this behaviour by formation of discontinuous transfer layers 

and oxidation of MoS2 into MoO3. Contrary, Powers [87] reported increased wear 

resistance and reduced friction with addition of MoS2 to PA6. Increased 

mechanical strength, heat distortion temperature, and PV value was also reported 

for the MoS2 filled PA6. 

Reinforcement fibres such as glass or CF are usually added to polymer 

composites to increase the mechanical strength and hence the load-bearing 

capacity of the material [59]. Reinforcement fibres and particles can also 

significantly improve the wear resistance of the polymers [88]. However, addition 

of reinforcement fibres can also have a negative effect on the coefficient of friction 

due to abrasion of the counter surface caused by the reinforcements [82]. The 

amount of fibres added to the polymer needs to be fine-tuned as too much fibres 

can actually lead to reduced tribological performance. For example, too high 

concentration of glass fibres can increase both friction and wear of the two 

contacting surfaces [88]. Contrary, addition of short CF in concentrations between 

5–20 vol.% can significantly improve both friction and wear of neat PEI due to 

enhanced formation of transfer layers on both surfaces [89]. 

The orientation of continuous fibres can influence the tribological behaviour. 

Friedrich [90] reported several orders of magnitude higher wear rate for PEEK 

reinforced with CF with normal orientation to the sliding direction compared to 

parallel, sliding against steel (100Cr6). This was explained by the upper load limit 

(strength) of the fibres, which is reached earlier in the composite with fibres 

oriented in the normal direction. If the local stresses exceed the strength of the 

fibre, fibre fracture occurs (Figure 12) and the fibre fragments can cause abrasive 

wear in the contact [81]. Other wear mechanisms prevalent for reinforced 

composites with continuous fibres with the two orientations, such as fibre-matrix 

delamination, fibre thinning, and matrix wear, are illustrated in Figure 12. 

According to Quaranta and Davies [91], fibre-reinforced composites are mainly 

limited to applications with low rotational speeds due to their brittleness. 

Vishwanath et al. [92] compared the tribological performance of polyvinyl 

butyral modified phenolic resin reinforced with three types of plain weave fabric, 

namely E-glass, high strength carbon and Kevlar-49, sliding against cast iron. The 
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best wear resistance was obtained with Kevlar-49 fabric reinforced composite and 

the worst with E-glass. On the other hand, the Kevlar-49 composite showed the 

highest coefficient of friction. This was explained by a smoother counter surface 

compared to the other materials, due to less abrasive wear particles of the fibres, 

which contributed to an increased 𝐴𝑟 and thereby a higher adhesion.  

 
Figure 12. Schematic illustration of the various wear mechanisms prevalent for 

polymer composites reinforced with fibres with normal (N) orientation (left) and parallel 

(P) orientation (right) to the sliding direction [81]. 

Polymer composites can instead of fibres be reinforced with particles, called 

particulate fillers, such as calcium carbonate (CaCO3), Silica (SiO2), Calcium 

hydroxide (Ca(OH)2), Mica, etc. [93]. Particulate fillers are commonly added to 

polymers, mostly thermoplastics, to increase the stiffness of the material. Unlike 

fibres, particulate fillers have less effect on the enhancement of the materials 

strength, and in some cases, it can actually lead to a reduction in strength. Other 

benefits of adding this types of fillers to polymer composites is increased wear 

resistance, good interfacial bonding with the polymer, chemical and thermal 

stability, and low cost. An increased wear resistance was reported in [94] for CF 

reinforced epoxy sliding against tool steel with increased content of ceramic fillers 

(granite, perlite, and CaCO3). All three fillers showed similar trend in reduction of 

the wear but granite led to the highest decrease (62 %) and CaCO3 to the lowest 

(46 %) at the maximum content (5 wt.%). 

In recent years, polymer nanocomposites has become a rapidly growing field of 

interest within polymer tribology and are found in a wide range of applications 

from toys to aircraft [95]–[99]. Polymer nanocomposites are reinforced with 

nanofillers that are in nanometric scale such as nanodiamonds, nanofibers, TiO2, 

carbon nanotubes, cellulose, etc. The concept of nanofillers is to create a large 

interface between the nanosized heterogeneities and macromolecules of the neat 

polymer, leading to better properties than the ones that can be obtained by 
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microfillers [98]. In general, addition of nanofillers to polymer composites 

enhance their tribological performance by increasing the load-bearing capacity, 

thermal conductivity and stability as well as preventing sub-surface cracks and act 

as an lubricant in the sliding interface [100]. Due to their extensive surface area-

to-volume ratio, nanofillers can significantly influence the properties and 

tribological behaviour of the material even at very low filler loading [98]–[100]. 

For example a PEI-based composite filled with short CF and graphite showed a 

reduction in wear rate with almost 60 times and 2.5 times lower coefficient of 

friction at high sliding speeds with addition of only 5 vol.% of TiO2 nanoparticles 

[101]. Haddadi et al. [102] showed that it is possible to reduce the friction and 

wear with 40 % and 50 % respectively by addition of only 2 wt.% modified 

nanodiamonds to ultrahigh-molecular-weight polyethylene (UHMWPE). The 

improvement of tribological behaviour with addition of nanodiamonds is 

explained by their ability to roll in the sliding interface and thereby reduce the 

adhesion, shear stresses, and ploughing between the contacting surfaces [100], 

[103]. However, the effects of nanofillers are strongly dependent on homogeneous 

distribution of the nanofillers in the polymer matrix, which can be challenging to 

achieve [98]. 

In summary, the effect of a filler on the tribological behaviour is highly 

dependent on the concentration as well as the polymer bulk material and other 

fillers used in the polymer composite. This makes it impossible to estimate the 

tribological performance of a newly developed polymer composite based on 

literature. Some fillers such as solid lubricants and reinforcement fibres have 

generally opposite influence on the polymer composite regarding friction 

reduction and enhancement of the materials strength. This contributes to a trade-

off between optimal tribological performance and material properties. 

1.4.5 Bearing materials in hydropower applications 

There is a large variety of self-lubricating bearing materials available for 

hydropower applications. The key advantage of these materials compared to the 

traditionally oil or grease lubricated bearings is lower maintenance costs, 

elimination of auxiliary lubrication systems and also the environmental risk of 

water pollution [104]. The self-lubricating bearing materials for hydropower 

applications are often divided into two classes, namely metal-based and polymer-

based bearing materials [105]. The advantage of the polymer-based materials is 

the significantly lower material density, which can reduce the weight of the 

bearings by up to 80 % [91]. They also have good properties such as high stiffness, 

toughness and fatigue behaviour, resistant to corrosion and chemical agents as well 

as easy to assemble. Based on experience from the Swedish hydropower industry, 

the polymer-based materials have proven to be a better replacement for the oil or 

grease lubricated bearings compared to the metal-based and hence this section will 

be focused on these types of bearings.  
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There are many different polymer-based materials for hydropower applications 

with different type of compositions such as the bulk materials, fillers, 

reinforcements, etc. Hence, there is also a difference in their tribological 

performance, despite being intended for the same application. According to 

Ganjoo Haghighi [104], there are some discrepancies between the manufacturers’ 

performance claims and the in-service performance, where some of the materials 

show higher friction and/or wear rates than the provided values. This is attributed 

to factors such as corrosion of the shaft and swelling of the polymer materials due 

to water adsorption. The most commonly used bearing materials for hydropower 

applications differ between different countries, regions, hydropower owners and 

turbines. Hence, this section is mainly focused on some of the commonly used 

bearing materials in Sweden. 

There is a limited number of studies in the open literature characterizing the 

tribological behaviour of commercially available polymer composite bearing 

materials for hydropower applications. These studies are categorised as those using 

journal bearing test configurations [9], [106]–[109] and flat-on-flat test 

configurations [21], [110]–[112]. Jones et al. [106], evaluated the service life and 

tribological performance of commercially available bearing materials for 

hydropower applications in the end of the 1990s. They proposed a rating system 

for these bearing materials based on an extensive study of coefficients of friction 

and wear rates in both dry and water lubricated conditions. They also performed 

additional testing such as swell testing in water and oil as well as creep and edge-

loading tests. In total, 10 different polymer composite bearings with dimensions 

Ø127 mm (5”) and 76.2 mm (3”) width were tested under oscillating conditions 

against heat-treated stainless steel SS 17-4 PH (or equal) with a surface finish of 

Ra 0.4 µm. Static load corresponding to a contact pressure of 23 MPa (3300 psi) 

was applied and the load was continuously superimposed with ± 7 MPa (1000 psi) 

in order to study the bearings bond resistance to vibrations. The test cycle 

contained minor oscillations of ± 1° (± 1.1 mm) continuously at 2 Hz frequency 

corresponding to an average sliding speed of ~9 mm/s as well as larger rotations 

with ± 15° (± 16.6 mm) once every 15 minutes (sliding speed or frequency not 

specified). The test duration of each test was 144 hours, where the initial 24 hours 

were used for set and creep test and the remaining 120 hours for 

friction/accelerated wear test. The presented static and dynamic coefficients of 

friction values were the average of the peak values measured between the 80th 

through 120th hours of the accelerated tests and the presented wear rates were 

calculated for the same time interval. It was found that for most of the tested 

materials, the coefficient of friction stabilized and steady wear rate were reached 

before the 80th hour of testing. However, the evaluation of friction and wear over 

time was not presented as well as the effect of the larger rotations with longer 

sliding amplitude. The same test method was used on another bearing material 

presented in [107]. 
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Ukonsaari [109] tested two commercially available polymer composite bearing 

materials using a journal bearing configuration and water as working medium. The 

oscillating shaft made of stainless steel SS 2324-02 with a surface finish of Ra 0.4 

µm had a diameter of 40 mm and the bearings were 30 mm long with a thickness 

of 2 mm.  A contact pressure of about 20 MPa was applied before the test started 

and held constant throughout the test and the maximum sliding speed was 5.6 

mm/s. The test cycle consisted of ± 60° (± 20.9 mm) oscillations with a 2 s pause 

at each reversal point. Thereafter, ten smaller oscillations of ± 12° (± 4.2 mm) were 

performed with a 1 s pause at the reversal points. This test cycle was repeated 

15000 times corresponding to a total sliding distance of approximately 1885 m. 

Evolution of  wear and friction with test duration is presented for the bearing 

materials but it is not specified how the friction is defined, i.e., average or 

maximum friction values. Detailed friction curves are presented over a whole 

cycle, monitored somewhere in the middle of the test (after 5000–10000 cycles), 

and it is reported that the repeated small oscillatory movements increase the 

friction values. Based on the results it can be seen that the friction and wear 

behaviour differs between the three bearing materials, where one of the materials 

experience almost three times higher friction and more than five times higher wear.  

Ukonsaari and Prakash [108] used the same test equipment to study the 

influence of various motion patterns on the tribological performance of three 

polymer-based bearing materials. In this study, dry conditions were used, and the 

counter surface material was made of stainless steel EN 1.4462 (SS 2377) with Ra 

0.3–0.5 µm. The nominal contact pressure and maximum sliding speed was the 

same as in [109]. Two different test cycles were evaluated containing different 

motion patterns. The first was aimed to simulate operation with start and stop 

cycles with various oscillations (10–60°) and the second to simulate running under 

electrical frequency stabilization regulating mode with 350 000 cycles of 10° back 

and forth with a short pause between each motion. The total sliding distance for 

the first and second test cycle was 1466 m and 2433 m respectively. Only two of 

the polymer-based bearing materials were evaluated with respect to the second test 

cycle. Two of the tested materials showed poor repeatability with respect to 

dynamic friction behaviour and linear wear for the first test cycle. Hence it is hard 

to draw any conclusions regarding the influence of motion pattern. The third 

material showed similar performance irrespective of motion pattern.  

The same test rig was also used to study the influence of contact pressure (45–

90 MPa) on friction and wear for another bearing material sliding against stainless 

steel SS 2377 with a surface finish of Ra 0.4 µm [107]. Only the maximum sliding 

speed of 5.4 mm/s is presented and information regarding operating cycle or 

sliding amplitude is missing. A decrease in coefficient of friction and increase in 

wear rate with increased contact pressure was reported but the mechanisms were 

not discussed. 

Pereira et al. [9], evaluated the effect of contact pressure, misalignment, dirt 

and high surface roughness of the counter surface (Ra 1.4–1.8 µm) on the friction 
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and wear of the bearing material deva.tex 552. Bearings with dimensions of Ø250 

mm and 50 mm width were used oscillating against unalloyed structural steel St52-

3 that was laser cladded with 1 mm thick layer of Inconel 625 with a surface finish 

of Ra 0.6–0.8 µm. A contact pressure of 25 MPa was used for all tests except for 

the effect of contact pressure tests where pressures of 50–100 MPa were used. The 

sliding speed was 10 mm/s, the oscillating sliding amplitude was ± 2° (± 4.36 mm) 

and the sliding distance varied between 5–10 km. Influence of dirt had the highest 

influence on wear and wear rates with up to five times higher values compared to 

the standard tests. Similar to the findings in [107], higher wear but lower 

coefficient of friction could be observed at the higher contact pressures (50–100 

MPa) in comparison to the standard tests (25 MPa). A higher surface finish did not 

have a significant effect on the wear of the material.  

A drawback of using specific testing cycles or motion patterns for tribological 

evaluation, based on prevailing conditions from measurements of the movements 

in applications, is that operating conditions changes over time and differs between 

turbines due to size, design, location of the hydropower plant, i.e., upstream or 

downstream, etc. Hence, the obtained results are strongly bound to the tested 

conditions and may not be generally applicable. 

The advantage of evaluating the tribological behaviour of bearing materials 

using a journal bearing configuration is that the obtained results are closer to the 

ones in the application. However, it requires high tolerances on the manufacturing 

of the test specimens related to high costs. This requirement is due to that even the 

smallest misalignment will cause significantly higher peak pressures due to the 

edge loading effect [113]–[115]. The unavoidable wear of the bearing will also 

result in increased clearance and hence a varying contact pressure. Therefore, it 

can be more beneficial to carry out screening tests using a flat-on-flat configuration 

in order to test a variety of different parameters more cost and time efficiently. 

However, it is important to understand that the obtained values from flat-on-flat 

configuration gives a good indication about the trends but the absolute friction and 

wear values may differ from the ones in the application. If the contact area is small 

in the flat-on-flat configuration, the frequency of repeated contact over a particular 

area of the counter surface is much higher than when the contact area is large, as 

in a journal bearing. It can therefore be easier to establish a coherent transfer layer 

in flat-on-flat configuration than in the actual journal bearing, which can result in 

that the actual wear rates in bearings are sometimes higher than those predicted 

from tests [82]. However, the converse effect has also been reported [116], [117]. 

Gawarkiewicz and Wasilczuk [21] evaluated wear rates of four commercially 

available polymer composite bearing materials using a flat-on-flat configuration 

under operating conditions simulating guide vane operation based on field 

measurements. The tests were carried out under a contact pressure of 29 MPa, 

sliding amplitude of 0.12 mm, temperature (measured inside counter-specimen) 

kept at ~53 ± 1 °C and sliding distances between approximately 3000–9000 m 

(varying between the materials). A steel counter surface with a surface finish of Ra 
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0.8–1.2 µm was used for the tests. Information regarding size of the test specimens, 

sliding speed and steel grade is not presented. It was found that the actual sliding 

distance was shorter than the apparent sliding distance and this was attributed to 

the stick-slip behaviour of elastic materials. Others have investigated friction and 

wear of commercial polymer composite bearing materials for hydropower 

applications under different lubricating conditions (dry, water and glycerol-based 

environmentally adaptive lubricant (EAL)) [110], [111], using flat-on-flat 

configuration. These tests were performed using small polymer bearing pins with 

dimension of 4 mm × 4 mm × 4 mm and stainless steel SS 2333 plates as counter 

surface. The contact pressure was 20 MPa and the stroke length 5 mm. Berglund 

and Shi [110] had a sliding speed of 20 mm/s (2 Hz) and a test duration of 10 

hours. Meanwhile, Somberg et al. [111] had a sliding speed of 0.02 mm/s and a 

test duration of 20 h. Both studies reported lower friction and wear values under 

EAL lubricated conditions and lower wear under dry conditions in comparison to 

water lubricated. However, higher friction was reported for the water lubricated 

condition in comparison to dry in [111] and the opposite behaviour in [110]. The 

different behaviour could be explained by the differences in sliding speed and test 

duration between the two studies.  

In recent years, novel materials have been developed for the hydropower 

applications to increase performance, durability, and reliability [91]. A comparison 

of the tribological performance of commercially available materials and novel 

compositions has been reported in [111], [112] under dry and EAL lubricated 

conditions. The novel materials showed higher friction under dry conditions but 

for some of the materials similar or lower under EAL lubricated conditions. The 

wear rates for some of the novel materials were similar to the commercial bearing 

materials under both dry and EAL lubricated conditions. However, these tests have 

been carried out for only 20 h and under nominal contact pressure of 20 MPa. 

Hence longer tests and a wider range of contact pressures need to be evaluated in 

order to investigate their tribological performance for hydropower applications 

where pressures can be higher and the intended service life of the bearings is 40 

years [110]. 

It is clear from the literature survey that influence of operating conditions on 

the tribological performance, and its governing mechanisms, of self-lubricating 

polymer composite bearing materials is not fully understood. For example the 

effect of contact pressure, sliding speed, stroke length and topography of the 

counter surface. Hence, it is hard to compare results between the different studies 

due to variations in operating conditions, contact configurations, test duration, test 

cycles, counter surface material and surface finish. Additionally, it is not known 

how the operating conditions can be optimized in order to obtain a longer bearing 

life. There is also lack of sufficient support for proper material selection for an 

application based on the prevalent conditions. An overview of the selected nominal 

contact pressures and sliding speeds in the abovementioned studies is presented in 

Figure 13, except for [21] where the pressure was 29 MPa but the sliding speed 
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not specified.  It is clear that most of the studies are carried out for pressures around 

20 MPa and sliding speeds 5–10 mm/s while the pressures in the radial bearings 

for the turbine blades can be up to 40 MPa with sliding speeds up to 30 mm/s. 

Hence, it would be of interest to study the tribological performance of bearing 

materials at higher pressures and sliding speeds. Most of the published studies also 

lack sufficient surface analysis of the worn surfaces and the transfer layers to 

discuss the underlying friction and wear mechanisms in detail. 

 
Figure 13. An overview of the selected pressures and sliding speeds, used for the 

tribological characterization of commercial bearing materials, in the open literature. 

1.5 Parameters influencing polymer tribology 
Tribology of polymer composites is complex and depends on the entire system 

in question. The tribological performance is influenced by a number of parameters, 

such as the interfacial media, geometry, surface topography, contact pressure, 

sliding amplitude, sliding speed, etc. Any alternation in these parameters can give 

rise to changes in the tribological response, and its governing mechanisms, of the 

system. The selection of test parameters is therefore crucial for the results and must 

be chosen with great care to be relevant for the intended application. Another 

important parameter is the materials in contact. There are an endless number of 

different polymer composite materials, and their diversity in chemical and 

molecular structures contributes to differences in tribological behaviour. Hence, 

results obtained for one material combination are rarely transferrable to another 

one. 
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In this section, the influence of some selected parameters on the tribological 

performance of polymers and polymer composites sliding against metal counter 

surfaces are presented. 

1.5.1 Interfacial media  

The influence of interfacial media on the tribological behaviour is one of the 

few parameters studied for polymer composites used in hydropower applications. 

Jones et al. [106] were the first to evaluate the tribological performance of ten 

commercially available polymer composite bearing material for hydropower 

applications under dry and water lubricated contacts using a journal bearing setup. 

The majority of the materials exhibited improved wear resistance under dry 

conditions but a few materials exhibited higher wear. The influence on friction 

differed between the materials, where half of the materials exhibited reduced 

friction under wet conditions and a third increased. Two of the materials showed 

similar dynamic friction for both dry and wet conditions, while the influence on 

the static friction differed. According to the proposed rating system, all bearing 

materials, under both dry and wet conditions, received higher scores compared to 

the traditional grease lubricated bronze bearings. 

Ren and Feng [107] also used a journal bearing setup to investigate the 

tribological behaviour under dry and water-lubricated conditions for a 

thermoplastic bearing material used in hydropower applications. They reported 

increased friction under water-lubricated conditions compared to dry. This was 

explained by decreased concentration of solid lubricants. Contrary to the friction, 

lower wear was reported under wet conditions. 

Berglund and Shi [110] evaluated the effect of an alcohol-based EAL on friction 

and wear compared to dry and water lubricated conditions using a flat-on-flat 

configuration. Four self-lubricating bearing materials commonly used in 

hydropower applications were studied, one metal composite and three polymer 

composites. The polymer composites showed better tribological performance 

compared to the metal composite under both dry and water lubricated conditions. 

The wear rate for the polymer composites was higher when water was present in 

the contact compared to dry conditions. The friction was lower or similar under 

water lubricated conditions. Both friction and wear performance of all tested 

materials was improved when the alcohol-based EAL was used as the interfacial 

media. Unexpectedly, the surface analysis revealed less polymer material transfer 

to the stainless-steel counter surface under these conditions compared to water 

lubricated conditions. It was suggested that the alcohol-based EAL interferes with 

the transfer layer formation, despite showing enhanced tribological performance 

[110]. 

Somberg et al. [111] carried out a similar study as Berglund and Shi [110] but 

with longer test duration and significantly lower sliding speed. Six polymer 

composites were included in the study and four of these are commercially available 

materials. The best performance also in this study was obtained with the alcohol-
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based EAL as interfacial media for all except one material. This material showed 

lower wear rate under dry sliding in contrast to the findings in [110]. Lower or 

similar wear rates were reported for dry sliding conditions compared to water-

lubricated, confirming the previous findings. This was attributed to more efficient 

formation of transfer layers for dry conditions. The two materials previously 

included in [110], showed a different friction behaviour in this study with higher 

friction for the water-lubricated conditions compared to dry. While the four other 

material exhibited lower friction, which is in agreement with the previous findings 

in [110]. This was attributed to reduced shear strength at the sliding contact with 

water as the interfacial media. The differences in results between the two studies 

could be attributed to the deviation in test duration and sliding speed. 

The findings from the three abovementioned studies show that the influence of 

interfacial media on the tribological performance is material dependent as well as 

influenced by the operating conditions. Most materials exhibit lower wear but 

higher friction under dry sliding compared to water-lubricated conditions. Even 

though surface analysis is carried in out in the two latter studies, more thorough 

analysis is needed to study the governing mechanisms for both surfaces in contact 

to better understand the influence of interfacial media. 

1.5.2 Surface topography 

Surface topography, i.e. surface roughness and lay orientation, of the polymer 

as well as the counter surface is of relevance to both friction, wear, and formation 

of transfer layers. The latter is causing change in roughness of both surfaces in 

contact [66]. The polymer surface roughness experiences a large variation during 

the running-in process, while the metal counter surface roughness is modified due 

to transfer of the polymer [118].  

Song et al. [119] reported increased friction and wear with increased surface 

roughness of polyimide (PI) composites (Ra 0.07–0.168 µm) sliding against 

bearing steel (GCr15). The increase in friction was mainly attributed to strong 

mechanical interlocking of the rougher surfaces. The increased wear was explained 

by the increased friction and wear of the asperities on the polymer surface. 

Increased friction with increased roughness was also shown in [120] for ultrahigh-

molecular-weight polyethylene (UHMWPE) (Ra 1–15 µm) sliding-rolling against 

steel (280D). However, the wear was influenced by the slip-roll ratio with an 

increase in wear for rougher surfaces for small ratio (3 %) and a decrease for higher 

ratio (30 %). Petrica et al. [121], showed that the effect of polymer roughness (Ra 

0.06–0.53 µm) on wear is influenced by the contact pressure and number of cycles 

for UHMWPE, POM, and PEEK sliding against steel (SS 440). Contrary, the 

friction was not influenced by changes in roughness or number of cycles for 

UHMWPE and POM. They also highlighted that there is less studies dealing with 

the roughness of the polymers in comparison to the counter surface roughness. 

Lloyd and Noel [122], reported increased friction and wear with increased 

counter surface roughness for UHMWPE sliding against stainless steel (Ra 0.1–
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1.0 µm). In contrast to these findings, a decrease in coefficient of friction with 

increased counter surface roughness was reported in [123] for elastomers sliding 

against steel (Ra 0.15–0.7 µm) as well as in [44] for various conventional polymer 

composite materials sliding against grey cast iron (Rq 0.094 µm and 2.16 µm). 

Nunez and Polycarpou [44] attributed this behaviour to a higher number of contact 

spots when the surface is smoother, contributing to a higher shear traction needed 

to slide against the polymer. Zsidai et al. [64], also observed a reduction in friction 

for most of the tested engineering thermoplastics sliding against a rougher (Ra 0.1–

0.3 µm) compared to a smoother (Ra 0.02–0.08 µm) hardened and tempered 

40CrMnNiMo8 steel surface. This was explained by a decreased influence of 

adhesion on friction with increased counter surface roughness. Golchin et al. 

[124], investigated the effect of counter surface topography on performance of PPS 

composites sliding against Inconel 625 with a surface finish of Ra 0.08–0.55 µm 

and found that, irrespective of the surface lay orientation, a lower friction was 

observed for the roughest counter surfaces. Pooley and Tabor [125], demonstrated 

that the coefficient of friction of PTFE is marginally affected by the nature of the 

counter surface as long as it is smooth (Ra below 0.1 µm).  

Zsidai et al. [64] and Quaglini et al. [126] suggested that an optimal counter 

surface roughness exists for any polymer resulting in minimum friction. Quaglini 

et al. [126] proposed that it depends on the bulk properties of the polymer and that 

softer polymers with a lower modulus of elasticity exhibit improved sliding 

performance on very smooth surfaces (Ra 0.05–0.10 µm) whereas the high-

modulus polymers display the lowest friction with rougher counter surfaces (Ra 

0.10–0.30 µm).  

According to Zsidai et al. [64], two mechanisms contribute to the friction force 

between a thermoplastic and steel: adhesion in the contact zone and deformation 

of the polymer. In case of sliding against rough surfaces, the deformation 

component increases, while for smooth counter surfaces the adhesion becomes 

more important. The terms “smooth” and “rough” are commonly used to describe 

the surfaces, nevertheless, according to Quaglini et al. [126], these terms are used 

in a qualitative sense and the corresponding values have not been defined. 

The counter surface roughness will also affect the wear behaviour of polymers. 

Lower wear against smooth surfaces compared to rougher was observed for most 

of the tested engineering thermoplastics in [64]. However, there is lack of 

explanations for this behaviour. Giltrow and Lancaster [127], suggested that 

transfer layers reduce the surface roughness of the counter surface by filling the 

surface valleys. This reduces the magnitude of the local stresses on fibres at the 

polymer composite surface. The reduced stress levels will also improve the fatigue 

behaviour, as reported in [127], contributing to lower wear rates. A critical surface 

roughness was proposed, above which the transfer layers will be unable to mask 

the highest asperity peaks [127]. In that case, an abrasive (cutting) component of 

wear will be prevalent even after establishment of the transfer layers. 
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The information on the influence of counter surface lay on the tribological 

performance is scarce in the open literature. A lower coefficient of friction for 

perpendicular lay compared to parallel lay is described in [124] for PPS composites 

sliding against Inconel 625 (Ra 0.08–0.55 µm). However, the influence on the wear 

rate differs between the various composite materials, where some experience lower 

wear rate for perpendicular lay and other up to two order of magnitude higher wear 

rate compared to parallel lay. Transfer layer formation is also affected by surface 

lay where perpendicular lay results in improved coverage compared to parallel 

[124], [128], [129]. 

It is clear that both counter surface roughness and lay has a significant influence 

on the tribological performance of various polymer materials but the friction and 

wear response is highly material dependent. Hence, it is of great importance to 

investigate the influence of counter surface topography on friction and wear of 

specific self-lubricating bearing materials under operating conditions relevant for 

hydropower applications. 

1.5.3 Contact pressure 

According to the general friction laws in Section 1.3.1, the friction should be 

proportional to the applied normal load. However, in the case of polymers, where 

the polymer/metal contact is predominantly elastic, the coefficient of friction often 

decreases with increasing load up to a limit determined by deformation and contact 

temperature limits [58]. There is a very limited number of studies dealing with the 

influence of contact pressure on the tribological performance of polymer 

composite materials for hydropower applications. Ren and Feng [107], reported a 

slight decrease in coefficient of friction with increased contact pressure between 

45 and 90 MPa for a thermoplastic bearing material sliding against stainless steel 

(SS 2377), using a journal bearing test configuration. The wear was however 

significantly increased above 45 MPa, following approximately an exponential 

function. The results were however based on a single experiment with gradual 

increase in contact pressure. Hence, the influence of contact pressure was not 

systematically investigated and there is lack of information about the repetition. 

Ando and Sukumaran [130] studied the influence of maximum contact pressure 

(77 to 143 MPa) on the tribological behaviour of a polymer composite bearing 

material commonly used in hydropower applications with 40CrMn tool steel as 

counter surface. A twin-disc setup was used for the experiments with rolling to 

sliding ratio of 20 %. At the lower speed (10 rpm), a negligible reduction in 

coefficient of friction with increased contact pressure was reported, while at the 

high speed (700 rpm) the reduction was significant. A linear increase in friction 

force with increase in maximum contact pressure was reported for both low and 

high speed. The influence of contact pressure on the wear was however not studied. 

Due to the continuous motion and high sliding speeds, the obtained results in this 

study are not fully transferable to the operating conditions typical for turbine blade 

and guide vane bearings. 
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In the two aforementioned studies, a thorough surface analysis has not been 

carried out and hence the underlying friction and wear mechanisms are not 

discussed.  

There are several studies dealing with the influence of contact pressure on the 

tribological behaviour of polymers and polymer composites. Unal et al. [131], 

investigated influence of contact pressure (0.35–1.05 MPa) on friction and wear of 

several industrial polymers (PA66, POM, UHMWPE, PPS and aliphatic 

polyketone (APK)) sliding against steel (AISI D2) at 1 m/s, using a pin-on-disc 

setup. All materials showed a decrease in coefficient of friction with increased 

contact pressure. APK showed the highest decrease and the PPS composite the 

lowest. The influence of contact pressure on the wear rates differed between the 

materials despite showing similar friction behaviour. PA66 and UHMWPE 

showed stable wear behaviour for all pressures while PPS and APK showed similar 

behaviour at the higher contact pressures and a decrease and increase, respectively, 

at the lower contact pressures. POM experienced the highest wear at the 

intermediate pressure. A decrease in coefficient of friction with increased contact 

pressure (0.06–0.42 MPa) was also reported in [132] for PTFE sliding against steel 

(EN24) using a pin-on-disc configuration for sliding speeds in the range 0.1–1.2 

m/s while the wear increased with increased contact pressure. Similar findings 

were reported in [133] for PTFE sliding against chromium-plated brass for higher 

contact pressures (1.4–7.0 MPa) and v=0.5 m/s. The decrease in friction was 

highest at the lower contact pressures. Briscoe et al. [134] also observed a 

reduction in friction with increased contact pressure (750–2500 Pa) for neat PTFE 

and PTFE-PEEK composite sliding against mild steel (v=0.16 m/s). The decrease 

in friction was attributed to interfacial heating in the PTFE surface layers. Pure 

PEEK exhibited a rapid increase in coefficient of friction with increased contact 

pressure. In contrast, Schelling and Kausch [135] reported stable friction 

behaviour at low pressures ranging from 0–0.4 MPa as well as higher pressures up 

to 45 MPa for PEEK sliding against DIN X20Crl3 at 0.0016 m/s. Above 45 MPa 

until approximately 100 MPa the coefficient of friction was decreasing with 

increased pressure.  

Rodriguez et al. [136] also studied the influence of contact pressure (4–10 MPa) 

on friction and wear behaviour of pure and reinforced PEEK sliding against steel 

(AISI 5210) at 20 mm/s. They reported decreased static coefficient of friction with 

increased pressure for all materials, while the dynamic coefficient of friction 

showed different behaviour for the materials. Pure PEEK showed the lowest value 

at the highest pressure (10 MPa) and highest value at 8 MPa. The reinforced 

composites showed a decreasing trend in dynamic coefficient of friction with 

increased contact pressure except at the highest pressure where one of the materials 

exhibited a slight increase. The decrease in friction was attributed to increased 

surface temperature at higher pressures leading to softening of the interface at the 

sliding contact and hence decreased shear strength of the interfacial surfaces. The 

reinforced composites showed better friction behaviour compared to the neat 
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PEEK. The influence on wear rate also varied between the materials, where neat 

PEEK showed an increasing trend and the reinforced composites lowest wear at 4 

MPa and highest at 8 MPa. 

Samyn and Schoukens [83] could also observe a decrease in coefficient of 

friction with increased load (50–200 N) for thermoplastic PI composite (PTFE as 

filler) sliding (v=0.3 m/s) against steel (40CrMnMo845) with a cylinder-on-plate 

configuration. The wear was however lowest at the lowest load (50 N) and highest 

at 100 N, followed by a reduction (150 N) and an increase at the highest load (200 

N). For the pure thermoplastic PI, friction was decreased with load until 150 N, 

followed by a small increase. This was attributed to the limited loading capacity 

of the transfer layer. The wear showed the opposite behaviour with an increase 

with load until 150 N and thereafter a decrease. Similar findings were reported in 

[101], for PEI composites sliding against steel at 1 m/s under contact pressures 1-

12 MPa. The coefficient of friction was decreasing with increased contact pressure 

until 8 MPa for all materials and thereafter one of the materials exhibited an 

increase in friction at the highest contact pressure (12 MPa). The composites 

exhibited lower friction compared to the neat PEI. The reported influence of 

contact pressure on the wear rate was however different for the materials, where 

one had the lowest value at the lowest pressure (1 MPa) and 10 times higher at the 

next pressure of 4 MPa, where it also showed highest value. The second composite 

showed lowest values at 1 and 8 MPa and highest at the highest pressure (12 MPa). 

Van De Velde and De Baets [137], investigated the influence of high contact 

pressures (20–96 MPa) on friction of PA6 sliding against steel at low sliding speed 

(5 mm/s). They also found that the friction was decreasing with increased contact 

pressure but that the decrease was less pronounced at pressures above 55 MPa. The 

decrease was attributed to interaction of individual contact spots between the rough 

surfaces at high apparent contact pressures leading to a less than proportionally 

increase of Ar with the normal load.  The more or less independent coefficient of 

friction of the contact pressure above 55 MPa was explained by the increase in 

shear strength of the polymer with higher pressure, which compensates for the less 

than proportional increase in Ar. 

Mahmud et al. [138] also studied the effect of high contact pressures (60–120 

MPa) but also high rotational speed (200 rpm) on friction and wear of an epoxy 

composite sliding against chrome steel ASTM 52100 (EN31). They found that the 

coefficient of friction decreases with contact pressure until approximately 90 MPa, 

while the wear rate shows a constant behaviour. This was explained by increased 

real surface contact area as the contact pressure increases, causing plastic 

deformation to the asperities and resulting in energy dissipation. After a certain 

pressure, the contact area will remain constant as the asperities cannot be further 

flattened when the pressure increases. This will lead to a decreased rate at which 

the frictional force increases with respect to the normal load, i.e. lower coefficient 

of friction. When the contact pressure exceeded approximately 90 MPa, both 

friction and wear increased significantly. The frictional heat contributes to an 
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increased temperature of the surfaces leading to a reduction in the materials 

strength and eventually results in surface softening or decreased hardness of the 

polymer composite. 

In summary, the coefficient of friction in general shows a decreasing trend with 

increased contact pressure for a variety of polymers and polymer composites 

sliding against metal for a wide range of contact pressures. However, there appears 

to be a limit at the higher pressures above which the coefficient of friction increases 

with contact pressure. The influence of contact pressure on the wear rate differs 

between the different studies and appears to be dependent on the material and 

operating conditions. 

1.5.4 Sliding amplitude 

The increased control of the hydropower plants has led to a higher number of 

load cycles with smaller sliding amplitudes for the sliding bearings in the turbine 

blades and the guide vanes. It is however hard to estimate the consequence of this, 

since information regarding the effect of stroke length on friction and wear for 

polymer composites is scarce, especially for the materials intended for hydropower 

applications. 

Play [139] presented the first results from a tribometer designed to simulate the 

actual contact conditions found in highly loaded dry sliding bearings where 

angular displacement was one of the parameters that could be altered. He found 

that increase in angular displacement resulted in a higher coefficient of friction for 

all investigated loads (2000–11250 N) for a fabric reinforced bearing material 

oscillating against steel. However, the wear rate did not follow a linear trend as it 

was lowest for the highest angular displacement at 2000 N while it was several 

times higher at 11250 N in comparison to the lowest angular displacement. 

Lancaster et al. [140] also studied the effect of amplitude of oscillation on the wear 

of two polymer composite bearing materials reinforced with fabrics of interwoven 

PTFE and glass fibres under dry sliding against steel counter surface. It was 

reported that the transfer layers became increasingly non-uniform when the 

amplitude of the reciprocating motion is reduced. Play [141] defines the mutual 

overlap coefficient (MOC) as the ratio between the pin contact area and the wear 

track formed on the counter surface and found that widely different wear results 

and transfer film morphologies are obtained when the MOC varies between 0.66 

and 0.99. The effect of mutual overlap on the tribological behaviour of one pure 

and three PTFE composites sliding against 316 stainless steel was reported by 

Blanchet & Kennedy [142]. They found that graphite filled PTFE contributes to 

significant transfer located solely at the end of the wear track formed on the steel 

counter surface. Contrary, glass fibre filled PTFE has the main transfer located in 

the central zone of the wear track with thickness on the order of 1 µm. 

It is clear from the literature survey that the effect of stroke length on friction 

and wear of self-lubricating polymers is not fully understood. Additionally, most 
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of the published studies lack sufficient surface analysis of the transfer layers and 

the underlying wear and friction mechanisms are not discussed in detail. 

1.5.5 Sliding speed 

According to the general friction laws in Section 1.3.1, sliding friction should 

be independent of the sliding speed. However, according to Friedrich [58], in the 

case of polymer tribology, the coefficient of friction often decreases with increased 

relative velocity. In contrast, Unal et al. [131], reported increased coefficient of 

friction with sliding speed (0.5–2 m/s) for several polymers (POM, UHMWPE and 

PPS) sliding against steel (AISI D2) at 0.35 MPa, using a pin-on-disc setup. PA66 

and APK also showed increased friction between 0.5 and 1 m/s and thereafter 

stable and decreased friction, respectively, at 2 m/s. The increased friction was 

explained by the generated heat at the asperities between the materials due to the 

sliding friction contributing to increased surface temperature. Hence,  the higher 

the sliding speed, the higher the resulting temperature, and, as it reaches the 

softening point of the polymer, the accompanying increase in adhesion leads to 

higher coefficient of friction. This as thermal softening of polymers can lead to a 

drop in surface hardness, which can lead to increase in 𝐴𝑟  [143]. The thermal 

softening of the polymers can also contribute to higher wear rates with increased 

sliding speed [131], [144]. Several studies emphasize that the contact zone 

temperature is a key factor influencing the quality of operation of bearings made 

of polymeric materials [145]–[150]. It has previously been reported that the sliding 

speed has a higher influence on the coefficient of friction of polymers than the 

contact pressure [131], [151]. On the other hand, the applied load has a higher 

effect on the specific wear rate compared to the sliding speed [144]. 

There is a very limited number of studies dealing with the influence of sliding 

speed on friction and wear of polymer composite materials used in hydropower 

applications. Sukumaran et al. [152] studied the influence of velocity (10–700 

rpm) at high contact pressures (77 and 143 MPa) on the tribological performance 

of a fabric reinforced polymer composite bearing material commonly used in 

hydropower applications with a counter surface made of 40CrMn tool steel. A 

twin-disc setup was used for the experiments with rolling to sliding ratio of 20 %. 

They found that the friction show a rapid increase initially with velocity (up to 100 

rpm) for both low and high contact pressures, of about 50 % between 10 and 100 

rpm. This is followed by a slower and more linear increase with velocity up to 700 

rpm. The increase rate is however lower at the higher contact pressure. This can 

be attributed to the decreasing trend of coefficient of friction with contact pressure 

for the similar setup [130]. The influence of velocity on wear was however not 

studied. 

There is however, a high number of studies dealing with influence of sliding 

speed on the tribological behaviour of various polymers and polymer composites 

sliding against metal counter surfaces under different operating conditions. Biswas 

and Vijayan [132] studied the influence of sliding speed (0.1–1.2 m/s) at low 
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contact pressures (0.06–0.42 MPa) of PTFE sliding against steel (EN24), using a 

pin-on-disc configuration. The coefficient of friction increased with sliding speed 

at low values (up to approximately 0.3 m/s) for all pressures. For higher sliding 

speeds, the influence varied depending on the contact pressure. Similar behaviour 

was found for the wear rate, which was strongly influenced by the contact pressure. 

At the lowest pressure, the wear rate decreased with sliding speed, whereas at the 

highest pressure it started to increase with sliding speed somewhere between 0.2–

0.3 m/s. A different behaviour was reported in [57] for PTFE sliding against 

chromium-plated brass at higher contact pressures (1.4–7.0 MPa) for sliding 

speeds ranging between 0.005–2.5 m/s. The coefficient of friction increased with 

sliding speed for all contact pressures. The wear rate was initially increasing 

rapidly with speed up to a maximum at around 0.05 m/s, followed by a decrease 

until about 0.5 m/s and thereafter a slow increase for higher sliding speeds, at all 

contact pressures. Lower amount of transfer layers on the counter surface was 

found at the lower sliding speeds when the wear rate was low. As the wear rate 

increased, a higher amount of large wear particles from the polymer was observed, 

scratching the PTFE surface rather than strongly adhering to the counter surface. 

It was found that many of the wear particles were sliding on the counter surface at 

a lower speed than the sliding speed. At higher sliding speeds when the wear rate 

decreases, the wear particles were smaller and the cutting action of the polymer 

surface by the particles is less predominant. Hence, the influence of sliding speed 

on the wear rate was explained by variations in wear process, with more cutting 

action by wear particles at the interacting surfaces at higher wear rates. 

Rodriguez et al. [136] studied influence of sliding speed (20 mm/s and 50 mm/s) 

at various contact pressures (4–10 MPa) for neat PEEK and PEEK composites 

sliding against steel AISI 52100 (100Cr6, DIN 1.3505). They reported similar 

friction behaviour for neat PEEK for both sliding speeds at the lowest contact 

pressure (4 MPa). At the highest contact pressures, the static coefficient of friction 

was not influenced by the sliding speed while the dynamic coefficient of friction 

was lower at higher sliding speed. The reinforced PEEK composites showed a 

different behaviour and the influence of sliding speed varied depending on the 

contact pressure and material. At the highest contact pressure (10 MPa) the 

coefficient of friction was however not influenced by the sliding speed with respect 

to both static and dynamic coefficient of friction. The wear rate increased at the 

higher sliding speed at all contact pressures for the PEEK composites. Neat PEEK 

showed similar behaviour at the lowest contact pressure but opposite behaviour at 

the higher contact pressures, with lower wear rates at the higher sliding speeds. 

Schelling and Kausch [135], reported a different frictional behaviour for PEEK 

sliding against steel (DIN X20Crl3) at a higher contact pressure (50 MPa) and low 

sliding speeds (0.17–17 mm/s), with a stable coefficient of friction with increased 

sliding speed. 

Samyn and Schoukens [83], reported a decrease in coefficient of friction with 

increased sliding speed (0.3–1.2 m/s) for neat thermoplastic polyamide and a 
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composite, with addition of PTFE, sliding against steel (40CrMnMo845) at normal 

loads of 50–100 N, using a cylinder-on-plate configuration. This was attributed to 

viscoelastic properties of thermoplastic materials with good molecular chain 

mobility and an ability for alignment along the sliding direction. The wear rate 

showed an opposite behaviour, with increased values with sliding speed for the 

neat polyamide at a load of 50 N, especially between 0.9 and 1.2 m/s. Meanwhile, 

the polyamide composite showed stable wear rates with sliding speed at the same 

load until 1.2 m/s, where three times higher values were observed. Increased wear 

rate with sliding speed was however also seen for the composite material at higher 

normal loads (100–200 N). Increased wear rate at higher sliding speeds (1–2 m/s) 

was also seen in [131] for several industrial polymers (PA66, POM, UHMWPE, 

PPS and APK) sliding against steel (AISI D2) at 0.35 MPa. At lower sliding speeds 

(0.5–1.0 m/s), the effect of sliding speed on wear rate varied between the materials, 

and was overall smaller than at higher sliding speeds. PA66, UHMWPE and APK 

showed stable wear behaviour, POM a decrease and PPS an increase. No 

explanation was given for the different wear behaviours of the materials with 

respect to influence of sliding speed. 

A decreased coefficient of friction with increased sliding speed (1–3 m/s) was 

also reported in [101], for one of the PEI composites, with addition of TiO2 nano-

particles, sliding against steel at a contact pressure of 4 MPa. The second 

composite without the nano-particles exhibited similar coefficient of friction 

values at the lowest and highest sliding speed and minimum at the intermediate (2 

m/s). The presence of nano-particles also influenced the effect of sliding speed on 

the wear rates, with a decreasing trend for the material with addition of nano-

particles and increasing trend for the one without. Even a small addition of only 5 

vol.% of nano-TiO2 particles can have a significant effect on the influence of 

sliding speed on the tribological behaviour of a polymer composite. 

Mahmud et al. [64] studied the effect of high rotational speeds (200–500 rpm) 

at high contact pressures (60–120 MPa) on the tribological performance of an 

epoxy composite sliding against chrome steel ASTM 52100 (EN31). They 

reported an increase in coefficient of friction and wear rate with sliding speed until 

400 rpm due to frictional heating, followed by a significant decrease at 500 rpm to 

values lower than at the lowest sliding speed. This was attributed to reduced 

adhesion between the surfaces due to increased surface temperature, resulting in 

better self-lubrication and protection of the surfaces. 

In summary, the influence of sliding speed on the tribological performance 

differs between the various polymers and polymer composites and appears to be 

dependent on the operating conditions and detailed mechanism descriptions are 

typically not presented. 
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1.6 Research gaps 
There is currently a limited number of studies published on the tribological 

performance of commercially available self-lubricating polymer composites 

intended for hydropower applications. Especially where a thorough surface 

analysis has been carried out to study the governing mechanisms more than just 

the values of wear rate and friction coefficient. In addition, there is lack of studies 

on the microstructure and composition of the commercially available bearing 

materials and their long-term creep behaviour.  

Furthermore, there is lack of knowledge regarding which operating conditions 

that have significant influence on the tribological performance of the self-

lubricating polymer composites. Hence, it is not clear how the recent changes in 

turbine operating conditions, with more start/stop respectively load cycles and 

shorter sliding amplitudes, affects the performance of the bearings or how the 

operating conditions can be optimized in order to obtain lower frictional losses and 

longer bearing service life.  

Comparison of the tribological performance of the commercially available 

polymer bearing materials is still primarily evaluated by the same method as Jones 

et al. [106] described in the late 1990’s despite that the operating conditions have 

changed since then. The test method is based on a specific test cycle, which limits 

its applicability since conditions change over time and vary between different 

hydropower plants. Therefore, there is a need for a systematic investigation on how 

various operating parameters such as sliding speed, stroke length, contact pressure, 

etc., influence the tribological performance of the bearing materials, which can be 

translated to hydropower applications and changes in operating conditions over 

time. 

1.7 Research questions 
Based on the identified research gaps regarding tribology of self-lubricating 

polymer composites for hydropower applications, the following research questions 

are proposed in the framework of this thesis: 

RQ1:  What is the microstructure and composition of commercial polymer 

composite materials for hydropower applications and how does it influence 

the tribological behaviour? 
 

RQ2:  How does formation of transfer layers develop over time and what 

influence does it have on friction and wear of polymer composite bearing 

materials sliding against stainless steel? 
 

RQ3:  What is the effect of counter surface roughness and lay on friction, wear 

and transfer layer formation of polymer composite bearing materials? 
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RQ4:  What is the influence of contact pressure and sliding speed on the 

tribological behaviour of self-lubricating polymer composite bearing 

materials sliding against stainless steel? 
 

RQ5:  What is the effect of stroke length on the friction, wear, and transfer layer 

formation of polymer composite bearing materials during dry sliding 

against stainless steel? 

1.8 Research aim and objectives 
The main aim of this research project is to increase the knowledge and 

understanding of how different operating parameters such as sliding speed, contact 

pressure, stroke length, test duration and counter surface topography influence the 

tribological performance, and its governing mechanisms, of different types of 

polymer composite bearing materials commonly used in hydropower applications. 

 

The specific objectives of this research work are defined as follows: 

 Investigate the microstructure and composition of some of the most 

commonly used commercially available self-lubricating polymer 

composite bearing materials for hydropower applications. 
 

 Investigate the development of transfer layers and the corresponding 

tribological behaviour under long duration sliding. 
 

 Investigate the influence of varying operating conditions on the 

tribological performance, and its governing mechanisms, of selected 

commercially available self-lubricating polymer composite bearing 

materials for hydropower applications. 
 

 Investigate the long-term creep behaviour of polymer composite 

bearing materials. 
 

 Based on the results from the tribological tests, propose a suitable test 

methodology for future tests of polymer composite bearing materials 

intended for hydropower applications. 
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2 Experimental materials and techniques 

This chapter describes the experimental materials and techniques used in this 

research project for material characterization, tribological experiments and surface 

analysis. More details can be found in the appended papers for each study. 

2.1 Materials and specimens 
There exists many different self-lubricating polymer composite bearing 

materials on the market suitable for hydropower applications. Similarly, the 

stainless-steel grade used as counter surface, i.e. shaft material, differs between the 

hydropower facilities. This gives a large number of possible combinations for the 

bearing and stainless-steel tribo-pairs and it is difficult, or even impossible, to 

systematically study all possible combinations within the time frame of this 

research project. The experimental materials included in this work have been 

selected based on discussions with several experts within the hydropower industry 

in Sweden.  

2.1.1 Polymer composite bearing materials   

In this research project, three selected commercially available self-lubricating 

polymer composite bearing materials were investigated, namely deva.tex® 552 

(fibre-reinforced thermoset), Orkot® TXM Marine (fabric-reinforced thermoset) 

and Thordon ThorPlas Blue (thermoplastic). These bearing materials are used for 

many different applications such as hydropower, marine, offshore, heavy industry 

(digging, machinery, scissor lifts), packaging machines and agriculture. These 

materials have been selected to represent the three main types of polymer 

composites used in hydropower applications today, namely fibre-reinforced 

thermosets, fabric-reinforced thermosets, and thermoplastics. The fabric-

reinforced thermoset is today the most commonly used in Swedish hydropower 

applications and is therefore included in all studies. 

The fibre-reinforced thermoset consists of two layers, the outer sliding layer and 

the inner support layer. In this work the polymer pins were made from only the 

sliding layer. This layer is made of a special type of reinforcement fibres, 

consisting of several polyester filaments oriented along the fibre and containing 

solid lubricants in the form of PTFE particles that are spun into the polyester 

filaments [153]. The fibres are embedded in an epoxy resin matrix with graphite 

as an additional solid lubricant [154].  

The fabric-reinforced thermoset also consists of two layers with an outer sliding 

layer and an inner support layer and in the same way as for fibre-reinforced 

thermoset, the polymer pins used in this work were made from only the sliding 

layer. This layer is reinforced with a special fabric with PTFE fibres as transverse 

weft and polyester fibres as longitudinal warp. The warp is embedded in polyester-
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based thermoset matrix that contains PTFE and MoS2 particles as solid lubricants 

and additional calcium carbonate (CaCO3) particles as filler in the material.  

The thermoplastic is a homogeneous polymer blend incorporated with evenly 

dispersed additives and solid lubricants, such as PTFE, throughout the material 

[155]. In contrast to the thermoset materials, information regarding the 

composition of the thermoplastic and the used solid lubricants is limited. It is 

however mentioned in [155] and [107] that the thermoplastic contains more than 

one solid lubricant. 

Representative optical images of the load carrying surface of the three unworn 

bearing materials are presented in Figure 14 and the material properties are listed 

in Table 1. 

 
Figure 14. Optical images of the load carrying surface of the unworn bearing material 

pins used for the tribological tests: a) fibre-reinforced thermoset, b) fabric-reinforced 

thermoset, and c) thermoplastic. The intended sliding direction in the figures is parallel to 

the vertical axis. 

 

Table 1. Characteristics of the self-lubricating polymer composite bearing materials. 

Property Fibre-

reinforced 

thermoset 

Fabric-

reinforced 

thermoset 

Thermo-

plastic 

Density [g/cm3] 1.42 1 1.25 4 1.40 6 

Compressive Modulus of Elasticity [MPa] 1500 1 2800 6 3280 5 

Tensile Strength [MPa] – 2 55 4 66 5 

Compressive Yield Strength [MPa] 90 3, 6 90 4 91 5 

Hardness: – 2   

   Rockwell M  90 4  

   Shore D   83 5 

Thermal Conductivity [W/m·K] 0.3 1 0.22 6 0.25 6 

Maximum Operating Temperature [°C] 160 1 130 6 110 5 

From 1 [156], 2 Information missing, 3 According to EN ISO 604:2003, 4 [157], 5 [158], 6 

provided directly by the bearing manufacturer. 



Chapter 2: Experimental materials and techniques 

43 

For the tribological tests, pins were machined from the bearing materials with 

dimension of 4 mm × 4 mm × 4 mm (l × w × h) for Paper A, B, D and 18 mm × 

18 mm × 10 mm for Paper C and E. The edges of the load carrying side of the pins 

were manually ground using SiC abrasive paper (grit size #600) in order to remove 

machining marks and fibres that protrude from the surface and to minimize 

undesirable edge effects such as contact pressure concentrations and damage 

initiation sites. The pins were thereafter cleaned with ethanol in an ultrasonic bath 

for three minutes, dried in air for a minimum of five minutes, and stored in clean 

containers prior to the experiments. 

 

2.1.2 Stainless-steel counter surfaces 

Two different corrosion resistant stainless steels with low carbon content were 

used as counter surfaces for the tribological tests. The first one is an austenitic 

stainless steel (SS 2333) and the second one is a high strength martensitic-

austenitic stainless steel (SS 2387 or EN1.4418 QT 900). Their chemical 

compositions are shown in Table 2. Both stainless-steel materials are used for 

shafts in hydropower turbines but SS 2387 is more commonly used due to its 

higher strength. 

Table 2. Chemical composition of stainless steel SS 2333 [159] and SS 2387 [160] in 

wt.%, Fe makes up the balance. 

Stainless 

steel 
C Si Mn P S Cr Ni Mo 

SS 2333 Max 0.05 Max 1.0 Max 2.0 Max 0.045 Max 0.045 15.0–17.0 8.0–11.0 – 

SS 2387 Max 0.05 Max 1.0 Max 1.5 Max 0.045 Max 0.030 15.0–17.0 4.0–6.0 0.80–1.5 

 

For the tribological tests in Paper A–C, stainless-steel plates of SS 2333 were 

used as counter surface, laser cut from a cold rolled sheet to a dimension of 60 mm 

× 30 mm × 3 mm (l × w × h) with its surface lay parallel to the sliding direction. 

The measured areal arithmetic average surface roughness (Sa) of the plates was 

0.31 ± 0.02 µm and the hardness was 205 ± 5 HV0.1. For the surface roughness and 

orientation study (Paper D), additional plates were laser cut with its surface lay 

perpendicular to the sliding direction. The plates for this study, except the as-

received plates, were ground to average surface roughness (Sa) of 0.006, 0.08, 0.3, 

0.7, and 1.1 µm with three surface lays, namely parallel and perpendicular to the 

sliding direction as well as with isotropic lay. 

In Paper C and E, flat stainless-steel plates were used as counter surfaces for 

the tribological tests, machined to dimensions 112 mm × 40 mm × 10 mm (l × w 

× h) and thereafter ground with its surface lay parallel to the sliding direction. For 

the study regarding influence of contact pressure (Paper C), the counter surface 

was made from SS 2333 with measured hardness of 259 ± 6 HV1 and the areal 

arithmetic average surface roughness (Sa) of 0.43 ± 0.10 µm. For the study on the 
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influence of sliding amplitude (Paper E), the counter surface was made from SS 

2387 (EN1.4418 QT 900) with a measured hardness of 337 ± 7 HV0.1 and the areal 

arithmetic average surface roughness (Sa) of 0.53 ± 0.08 µm. 

Before the experiments, all plates were cleaned in an ultrasonic bath for seven 

minutes using ethanol and then dried in air. 

2.2 Material characterization 
Material characterization of the bearing materials has been carried out in Paper 

A and D. Low and high resolution X-ray microtomography (XMT) scans were 

used to study the microstructure of the bearing materials. The chemical 

composition with respect to inorganic elements was measured using Inductively 

Coupled Plasma Sector Field Mass Spectrometry (ICP-SFMS). Solid-state 13C 

Magic Angle Spinning (MAS) Nuclear Magnetic Resonance spectroscopy (NMR) 

was used to investigate the chemical structure of the thermoplastic bearing 

material, since its composition was unknown. 

Nanoindentation was used to study the mechanical properties of the transfer 

layers in Paper B. 

2.2.1 XMT 

The bearing materials were scanned using a Zeiss Xradia 510 Versa (Carl Zeiss 

X-ray Microscopy, Pleasanton, CA, USA), illustrated in Figure 15. This imaging 

system combines flexibility with high-resolution and high contrast capabilities. 

The maximum spatial resolution in terms of 10 % modulation transfer function is 

0.7 μm, while the spatial resolution in terms of voxel resolution (minimum voxel 

size) is 70 nm. The XMT technique was chosen in order to study the micro- and 

macro-structure of the bearing materials with respect to the relative density 

variations. 

The Zeiss Xradia 510 Versa system is often referred to as a 3D X-ray 

microscope and, analogous to a light microscope, has multiple detector objectives 

enabling sample imaging at a number of resolution and field of view (FOV) 

pairings. In this study, samples of the three bearing materials were initially scanned 

using a 4x objective with a FOV of 6.02 mm and the spatial resolution 5.97 μm. 

Such scan setup allows the full geometry of the 4 mm × 4 mm × 4 mm cubic 

polymeric samples to be imaged and analysed. 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 20x objective. These interior tomography 

scans were carried out with the FOV of 0.55 mm and spatial resolution 0.55 μm 

(voxel size), providing insights into microscale features. 

The low-resolution scans were carried out using X-ray tube voltages of 50 kV 

for the fibre-reinforced thermoset and the thermoplastic, and 60 kV for the fabric-

reinforced thermoset. The output effect was 4 W for the fibre-reinforced thermoset 

and the thermoplastic, and 5 W for the fabric-reinforced thermoset. In these 
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experiments, 1601 projections were acquired with an exposure time of 3–4 s each. 

The interior tomography scans (the close-up scans of ROI using the 20x objective), 

were performed at slightly higher energies: the X-ray tube voltages of 60 kV for 

the fibre-reinforced thermoset and the thermoplastic, and 70 kV for the fabric-

reinforced thermoset, with the output effect of 5 W and 6 W, respectively. High-

resolution interior tomography benefits from more projection images than for bulk 

scans, and hence 2201 projections with an exposure time of 10–11 s each. All scans 

were carried out without X-ray filters. 

Figure 15. The experimental setup for the scanning of the bearing materials, using a 

Zeiss Xradia 510 Versa microtomography system. 

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 threshold procedure, enabling volume fractions of internal phases 

and the pore size distribution to be calculated. 

2.2.2 ICP-SFMS 

Chemical composition of the three bearing materials, with respect to inorganic 

elements, was measured by ICP-SFMS technique after microwave-assisted, acid 

digestion of polymers. This method offers a wide element coverage with high 

accuracy and precision of measured concentrations, even at trace levels. However, 
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ICP-SFMS can be considered as a bulk material analysis since it does not provide 

information about the location of the elements but rather their presence in the entire 

polymer sample. This technique was selected in order to obtain information about 

the concentrations of solid lubricants, fillers for enhancement of mechanical 

properties, undesired impurities, etc., which all can strongly influence the 

tribological performance of the bearing materials. 

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 

12 mL PTFE vials before the addition of 5 mL 14 M HNO3 and 0.1 mL HF. The 

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 pre-programmed digestion cycle (30 min ramp to 220 °C 

followed by 20 min holding time at that temperature) was initiated. A 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 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 [161].  

Four measurements (including separate microwave-assisted acid digestions) 

were performed for each material. 

2.2.3 NMR Spectroscopy 

As the composition of the thermoplastic was unknown, solid-state 13C MAS 

NMR (Bruker Ascend Aeon WB 400 spectrometer from Bruker BioSpin AG, 

Fällanden, Switzerland) was used to investigate the chemical structure of the 

material. 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 was 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. 

NMR spectroscopy is a powerful and versatile technique for investigation of the 

structure and dynamics of molecules of for example polymer composites. It can 

provide detailed information about the structures, motions, and chemical reactions 

for a wide range of molecules in a variety of situations. Similar to ICP-SFMS, 
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NMR spectroscopy can be considered as a bulk material analysis since it provides 

information about the entire sample rather than single locations. 

2.2.4 Nanoindentation 

The mechanical properties of the transfer layers were characterized using 

nanoindentation. The measurements were conducted using a NanoTest Vantage 

(Micro Materials, Wrexham, United Kingdom) with a diamond Berkovich 

indenter. The tests were carried out at a peak load of 2, 5, and 200 mN with a 

holding time (dwell) of 20 s at the maximum load. The loading and unloading rates 

were 0.07, 0.17 and 7 mN/s, respectively.  

Nanoindentation was carried out on the worn stainless-steel plates after the 

tribological tests. Nine regions were selected for the analysis and a series of at least 

50 measurements was made for each load. A schematic representation of the 

selected regions is presented in Figure 16. The load range was selected to give an 

indication on the properties of the tribolayers and their interaction with the 

substrate. 

 
Figure 16. Schematic representation of the wear track on the stainless-steel plate and 

the locations for nanoindentation. 

2.3 Tribological characterization 
This section describes the tribometers used for the different studies for 

tribological characterization of the bearing materials sliding against stainless steel 

under various operating conditions. The operating conditions are also presented as 

well as the pre- and post-test analysis used to study the prevalent friction and wear 

mechanisms. 



Chapter 2: Experimental materials and techniques 

48 

2.3.1 Tribometers 

Three different tribometers have been used for the tribological characterization 

of the bearing materials sliding against stainless steel. A flat-on-flat test 

configuration and reciprocating sliding motion was used for all tests. 

A Cameron-Plint tribometer (Plint-TE77, Phoenix Tribology Ltd., Newbury, 

England) was used to investigate the development of transfer layers and changes 

in tribological performance over time during long duration sliding tests (Paper B) 

as well as for the surface roughness and orientation study (Paper D). A schematic 

diagram of the test configuration is presented in Figure 17. The stainless-steel plate 

was fixed in a lower stationary sample holder and the polymer bearing material 

pin was mounted in the upper linearly reciprocating pin holder. The load was 

applied to the upper pin holder using a spring loaded lever system. The 

reciprocating motion is provided by an electrical motor, which drives a crank 

mechanism via a gearbox. 

 
Figure 17. Schematic diagram of the flat-on-flat configuration used for the 

reciprocating sliding tests in Plint-TE77 tribometer. 

The friction force was continuously measured by a piezo-electric force 

transducer, located at the lower stationary specimen holder, using 1 kHz sampling 

frequency. However, due to the long test duration, friction data was collected in 

the beginning of the test, after 5 minutes, 10 minutes, 15 minutes, 30 minutes, and 

thereafter with 30 minutes intervals until the end of the test over the last 15 load 

cycles. The wear depth of the polymer pin was continuously measured using an 

LVDT (linear variable differential transformer) displacement sensor with ± 2.5 

mm measurement range connected to the upper pin holder. The wear data was 

collected with a sampling frequency of 1 Hz. 

A CETR UMT-2 tribometer (CETR, San Jose, CA, USA) was used to study the 

influence of sliding speed and contact pressure (Paper A). The schematic 

representation of the test configuration is illustrated in Figure 18. The upper 

carriage consists of a block with dual friction force and normal load sensor. A 
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polymer sample holder is mounted on the block. The bearing polymer pin is placed 

inside the stationary 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. 

The friction force was continuously measured by the dual friction force and 

normal load sensor. The wear depth of the polymer pin was measured continuously 

during the test using a displacement sensor, located in the upper carriage. 

 
Figure 18. Schematic diagram of the flat-on-flat configuration used for the 

reciprocating sliding tests in CETR UMT-2 tribometer. 

The tribological tests in Papers C and E were carried out using a linear 

reciprocating in-house built SVC tribometer, see Figure 19. A schematic 

representation of the flat-on-flat test configuration is illustrated in Figure 20. The 

stainless-steel plate was mounted in the lower linear reciprocating sample holder 

and the polymer bearing material pin was fixed in an upper stationary sample 

holder. The normal load was applied using a pneumatic cylinder and lever 

arrangement that loads the polymer pin against the stainless-steel plate. The 

reciprocating motion is provided by a servomotor which drives a ball-screw via a 

belt and pulley set up. The linear slide is connected to the ball-screw and supported 

by two linear guides. The normal load and friction forces are measured using load 

cells. 

The friction force was continuously measured by the load cells using 1 kHz 

sampling frequency. However, due to the long duration of the tests, friction data 

was collected with approximately seven minutes intervals (nine values per hour) 

over the last 17 load cycles. The wear (height reduction) of the polymer pin was 

continuously measured using an LVDT displacement sensor with ± 2.5 mm 

measurement range, which senses the position of the upper specimen holder, where 

the bearing material pin is mounted. The wear data was collected with 20 seconds 

intervals. 



Chapter 2: Experimental materials and techniques 

50 

 
Figure 19. Image of the: a) reciprocating SVC tribometer and b) test specimen 

configuration. 

 
Figure 20. Schematic diagram of the flat-on-flat configuration used for the 

reciprocating sliding tests in SVC tribometer. 

In order to estimate the contact temperature in the middle of the wear track, four 

type K thermocouples were used to measure temperature during four additional 

tribological tests with the thermoplastic material in Paper E. Two tests were carried 

out with a stroke length of 4.5 mm and another two with a stroke length of 22.5 

mm. The locations of the three thermocouples located on the stainless-steel surface 

are illustrated in Figure 21. One additional thermocouple was used to measure the 

ambient air temperature and was located at the same height as the contact between 

the thermoplastic pin and the stainless-steel plate. The thermocouple data was 

collected with a sampling frequency of 1 Hz. 

The contact temperature in the middle of the wear track (𝑇𝑐) was estimated using 

a reformulation of Fourier’s law according to: 

 

𝑇𝑐 =
∆𝑥𝑖𝑇2 − ∆𝑥2𝑇𝑖

∆𝑥𝑖 − ∆𝑥2

 (2.1) 

where ∆𝑥𝑖 is the distance between the location of the thermocouple 𝑖 (1 for 4.5 

mm stroke length and 3 for 22.5 mm stroke length) and the middle of the wear 

track, ∆𝑥2  is the distance between the location of the thermocouple 2 and the 
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middle of the wear track, 𝑇𝑖  is the measured temperature of thermocouple 𝑖 (1 for 

4.5 mm stroke length and 3 for 22.5 mm stroke length) and 𝑇2 is the measured 

temperature of thermocouple 2. The two thermocouples that were closest to the 

wear track gave the best estimation of the contact temperature in the middle of the 

wear track and were therefore used for the estimation of contact temperature 

according to Equation 2.1. Hence, thermocouple number one and two were used 

for calculation of the contact temperature for the 4.5 mm stroke length test and 

number two and three for the 22.5 mm test. In order to study the contact 

temperature increase in the middle of the wear track, the measured ambient 

temperature was subtracted. 

 
Figure 21. Schematic representation of the location of the type K thermocouples used 

for measuring the temperature during the additional reciprocating sliding tests. Note that 

one additional thermocouple was located in ambient air at the same height as the contact 

between the thermoplastic pin and the stainless-steel plate in order to measure ambient 

temperature. 

2.3.2 Operating conditions 

Insights of the common prevailing operating conditions for bearings used in the 

Kaplan turbines in Sweden have been gained through continuous dialogues with 

several experts within the hydropower industry. These experts are working with 

turbine development, maintenance of hydropower plants, hydropower plant 

owners, hydropower suppliers as well as bearing manufacturers and suppliers. The 



Chapter 2: Experimental materials and techniques 

52 

operating conditions for the tribological tests have been selected based on these 

insights as well as discussion with the SVC reference group for the research 

project. 

A summary of the operating conditions for the tribological experiments in 

Papers A to E are presented in Table 3. All tests have been carried out in dry sliding 

and under ambient conditions. The selected contact pressures and sliding speeds 

are in the range of typical operating conditions in the Kaplan turbine bearings. The 

total sliding distance of 3.6 km in Paper B is, under certain conditions, equivalent 

to more than 25 years of operation for the guide vane bearing in a Kaplan turbine 

according to Pereira et al. [9]. The mutual overlap coefficient (MOC) is defined as 

the ratio between the polymer pin contact area and the wear track formed on the 

steel surface [141]. The same MOC value was used in all papers. In Paper E, a 

range of MOC values was used in order to study the influence of sliding amplitude 

on the tribological behaviour. Interrupted sliding tests, with 20 h intervals, were 

carried out in Paper B to study the development of transfer layers and changes in 

tribological performance over time. To simulate the start and stop behaviour that 

the bearings in hydropower turbines are subjected to due to more frequent control, 

the slider was set to stand still for 0.1 s at the reversal points in Paper C and E. 

This is the reason for the variation in test duration for the tests in Paper E. In order 

to keep the total sliding distance constant for the tested sliding amplitudes, the test 

duration was set to take the stand stills into account. 

Table 3. Experimental conditions used for the tribological tests. 

Test parameter Paper A Paper B Paper C Paper D Paper E 

Normal load [N] 150 – 450 420 8500 – 25900 450 13000 

Nominal contact pressure [MPa] 9 – 28 26 26 – 80 28 40 

Reciprocating frequency [Hz] 1 – 4 0.62 0.15 0.64 0.49 – 1.05 

Sliding velocity [mm/s] 10 – 40 6.2 6.9 6.4 8.8 – 9.5 

Stroke length [mm] 5 5 22.5 5 4.5 – 22.5 

Mutual overlap coefficient 0.44 0.44 0.44 0.44 0.44 – 0.80 

Test duration [h] 14 – 56 160 (20×8) 168 20 144 – 166  

Total sliding distance [m] 2000 3600 3540 461 4392 

Temperature [℃] 24 ± 1 25 ± 1 24 ± 1 24 ± 1 24 ± 1 

Relative humidity [%] 34 ± 10 37 ± 5 17 ± 3 14 ± 8 33 ± 10 

 

At least two repeat tests were carried out for each tested combination and 

bearing material in Papers A, C–E. In Paper B, one extensive long duration test for 

each material was performed since performing interrupted long duration tests is 

highly resource-intensive. A possible limitation arisen from limited number of 

repeat experiments is the knowledge regarding the robustness of the material and 

repetitiveness of the test setup, especially for polymer composites. However, the 
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repetitiveness of these specific polymer composite materials was investigated in 

the other papers. 

Additional static load tests were carried out in Paper C and E to study the long-

term creep behaviour of the bearing materials by applying a normal load (the same 

load as used for the reciprocating tests) for 168 hours without reciprocating 

motion. In Paper C, the influence of contact pressure on the creep behaviour was 

investigated for three different contact pressures. Two repeat tests were carried out 

for each bearing material and contact pressure. During the static load tests, the 

creep behaviour was measured by continuously measuring the height reduction of 

the polymer pin using the LVDT displacement sensor and the data was collected 

with 20 seconds intervals. 

2.3.3 Friction and wear data analysis 

The friction measurements were used to calculate the average coefficient of 

friction in all papers. The average coefficient of friction was calculated based on 

the moving average coefficient of friction values for the studied time interval. In 

Paper C and E, average coefficient of friction was also plotted against time, 

calculated based on the average over each sampling interval (17 load cycles). In 

addition, the maximum coefficient of friction was calculated in all papers except 

Paper A based on the maximum coefficient of friction value during the studied 

time interval. In Paper C and E, the maximum coefficient of friction was also 

plotted against time, calculated based on the absolute highest value over each 

sampling interval.  

In Paper B, static (break-away) and dynamic friction were also calculated based 

on the friction measurements, illustrated in Figure 22. Following a zero passage of 

the coefficient of friction, 𝜇, which occurs at t = 0 s in the figure, the coefficient 

of static friction is defined as the subsequent maximum value of 𝜇. The coefficient 

of dynamic friction is obtained by calculating the average value of the coefficient 

of friction in the interval highlighted in red in Figure 22, with the resulting average 

dynamic friction coefficient shown as the black horizontal line. 

Detailed information about the selected time interval for calculation of the 

coefficients of friction can be found in each paper. 

The specific wear rates in all papers were calculated based on the measured 

wear depths data from the LVDT displacement sensor using a reformulation of 

Archards’s wear equation (Equation 1.2). Measured wear depths were plotted as a 

function of the product of pressure, sliding speed and time and the specific wear 

rates was calculated by fitting a line to the data points using the linear least-square 

method. The time for the wear rate calculation did not start from the beginning of 

the test but was instead selected specifically for each paper to exclude the running-

in phase. Detailed information about the selected time interval for calculation of 

the wear rate can be found in each paper. 
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In Paper B, the pin specimen height was also measured using a micrometer upon 

completion of the tests. Additionally, in this paper the weight loss of the pin was 

quantified using an electronic weighing balance with a resolution of 0.01 mg. 

 
Figure 22. Friction curve over approximately half of an oscillation cycle (only positive 

friction values) illustrating typical friction behaviour during tests. 

2.4 Pre- and post-test analysis 
This section describes the various surface analysis techniques used for pre-and 

post-test analysis of the bearing material pins and the stainless-steel counter 

surfaces as well as preparations for the surface analysis. 

2.4.1 Preparation for the surface analysis 

In order to study the transfer layer thickness and microstructure of the worn 

stainless-steel surfaces in Paper B, local cross-sections were prepared by Focused 

Ion Beam (FIB, FEI Strata DB235, Eindhoven, Netherlands), along the parallel 

direction to the sliding direction. In order to protect the outermost surface from the 

milling ion beam, a 1 μm protective layer of Pt/C was deposited. In addition, 

overview cross-sections of the entire wear tracks, along the parallel direction to 

the sliding direction, were prepared by mechanical cutting using a Struers 

Secotom-10 (Struers, Ballerup, Denmark) table-top precision cutting machine. The 

cut was made approximately 1 mm from the right edge of the wear track as seen 

in top view. The cross-sections were mounted in Bakelite and thereafter polished 

and electrolytically etched. Electrolytic etching was performed using oxalic acid 

solution (electrolyte) with 8 g oxalic acid and 100 ml of water. The used voltage 

was 6 V and the total etching time was 75 s (15 + 15 + 45 s intervals). 
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2.4.2 Surface analysis 

The pre- and post-test surface analysis of the polymer bearing pins and the 

stainless-steel surfaces were carried out using optical imaging, 3D optical 

profilometry, Scanning electron microscopy (SEM) and energy-dispersive X-ray 

spectrometry (EDS) in all studies in order to study the governing wear and friction 

mechanisms as well as the development of transfer layers in Paper B. 

Optical images of the stainless-steel plates and the polymer bearing pins before 

and after the tests were obtained 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). This technique was selected to get an initial visual inspection of the worn 

surfaces with respect to different phases and features as well as being able to 

compare them with the unworn surfaces. 

Loose wear debris were accumulated at the edges of the wear track, especially 

at the reversal points as illustrated in Figure 23 (a). These loose wear particles were 

carefully removed by pressurized air, before starting further surface analysis 

Figure 23 (b).  

 
Figure 23. Example of wear tracks formed on the worn stainless steel after sliding 

against the fabric-reinforced thermoset: a) directly after test with wear debris 

accumulated around the edges of the wear track, and b) after removal of the accumulated 

wear debris around the edges using pressurized air. The reference points in the figures 

are for the 3D profilometry measurements. 

After obtaining the optical images, surface topography measurements were 

performed using a Zygo NewView 7300 (Middlefield, CT, USA) 3D optical 

surface profilometer with various magnifications. Topography measurements were 

performed on the stainless-steel plates before and after the tests. The before and 
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after measurements of the wear track were performed between the same markings, 

as illustrated in Figure 23. For the polymer pins, surface topography measurements 

were performed on the worn surfaces for all bearing materials except the 

thermoplastic. This as the unworn fibre- and fabric-reinforced thermosets have 

protruding fibres on the surface, which result in too much scatter of the light during 

optical profilometry measurements leading to missing data points. This technique 

was selected for surface analysis in order to study the surface topography including 

quantitative data since the optical imaging and SEM technique does not provide 

this information. 

A JEOL JSM-IT300 LV (Peabody, MA, USA) SEM microscope equipped with 

EDS was used for the surface analysis of the stainless-steel plates and the polymer 

pins. This technique was selected as it allows imaging at high magnifications, 

suitable for studying the governing friction and wear mechanisms as well as the 

elemental composition of the various features. This technique was also used to 

study the overview cross-sections in Paper B as well as to determine the 

composition of the identified phases in the fibre-reinforced thermoset from the 

XMT analysis (Paper D), by examining an unworn polymer pin. To reduce the 

charging effect using SEM, the polymer pins were sputtered with a 13–15 nm layer 

of platinum (Pt) or gold (Au).  

In Paper A, an additional Zeiss Merlin SEM (FEG-SEM, Oberkochen, 

Germany) equipped with EDS was used for higher magnifications (above 3000x) 

to study the friction and wear mechanisms as well as composition. This SEM is 

equipped with a charge compensator to enable studying the polymer pins without 

sputtering. 

Location for the FIB cross-sections in Paper B were selected based on regions 

of interest (ROI) identified during surface analysis by SEM (Zeiss Merlin, Jena, 

Germany). These regions are representative of the material transfer behaviour 

observed for the whole wear track on the stainless-steel plate. The same SEM 

equipment was also used to study the FIB cross-sections.  
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3 Results and discussion 

3.1 Material characterization  
In this section, material characterization of the bearing materials is presented 

regarding their microstructure and composition. The characterization was carried 

out using XMT, NMR spectroscopy and elemental analysis methods. More details 

regarding the material characterization can be found in Paper A for the 

thermoplastic and fabric-reinforced thermoset and in Paper D for the fibre-

reinforced thermoset. 

3.1.1 Thermoplastic   

Figure 24 shows a 3D visualization of the microstructure in the thermoplastic 

bearing material, scanned with XMT using 20x objective. Three different phases 

can be distinguished and segmented: the first one corresponding to the bulk 

material, the second one are the pores, and the third phase consists 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 structural homogeneity of the thermoplastic.  

 
Figure 24. 3D visualization of the microstructure in the thermoplastic bearing material 

with three different segmented phases (I-III), obtained using XMT with 20x objective. 

Phase I (grey) corresponds to the bulk material, phase II (black) to pores and phase III 

(green) to spherically shaped particles with higher relative density than the bulk material. 

The diameter of the scanned cylinder is 0.55 mm. 



Chapter 3: Results and discussion 

58 

 

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 have a volume below 60 µm3, 

with only a few single pores having volumes up to 166 µm3, while the majority of 

the spherically shaped particles have a volume less than 1300 µm3, some between 

1300–3000 µm3 and only single particles have a volume up to 7650 µm3. Thus, the 

pores in the thermoplastic 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 4x objective (5.97 µm). Therefore, it fails to provide a 

good representation of the microstructure of the thermoplastic, as only the larger 

details were visible. 

The NMR spectroscopy results show that the thermoplastic is a mixture of a 

few polymeric compounds: (1) the aromatic carbons together with the carbonyl 

groups and methylene groups attached to oxygen atoms indicated presence of 

aromatic polyester type polymer and most probably 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 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. 

Concentrations of inorganic constituents in the thermoplastic, measured by ICP-

SFMS, are 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 thermoplastic 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 that surface 

contamination during sample preparation (e.g. cutting, milling and handling) may 

contribute to measured concentrations. For example, Iron (Fe), Magnesium (Mg), 

and Manganese (Mn) (found in several bearing materials) are not typical elements 

added to polymers and thus they might also originate from external contamination. 

Table 4. Concentration of inorganic constituents in the thermoplastic material. 

Element Concentration 

[wt.%] 

 Comment 

Si 0.120  Correspond to 0.2 wt.% Poly(siloxane) 

Mg 0.010  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 
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The analysis results shows that the thermoplastic contains silicon (Si), which 

confirms the findings from the NMR spectroscopy. Furthermore, Si present the 

highest concentration compared to the other 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 very likely that the spherical 

particles seen in Figure 24 are not silicon but rather PTFE particles. XMT analysis 

revealed that the compounds in the thermoplastic material are 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 20x objective and thus undetectable in the reconstruction 

of tomography scans, and they thus can be considered nano-particles. 

It was found that the thermoplastic 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 PET [162], 

[163], thus supporting the hypothesis that the polymer resin of the thermoplastic 

contains PET-based polymer based on the NMR spectroscopic data. 

High magnification SEM micrographs of a worn thermoplastic pin, in a region 

subjected to material delamination revealing a fresh polymer surface, showed two 

distinct phases in the polymer matrix (Figure 25 (a)). The lighter grey phase is 

consistent with the spherically shaped particles seen in the 3D visualization of the 

material microstructure from XMT reconstruction. EDS compositional maps 

(Figure 25 (b)) revealed that this phase have a high concentration of Fluorine (F), 

which supports that the spherically shaped particles is made of PTFE, as detected 

by NMR spectroscopic measurements. Furthermore, traces of Si was also detected 

in the compositional maps of the region, which is consistent with NMR results and 

ICP-SFMS elemental analysis. 

 
Figure 25. Fresh surface on a worn thermoplastic pin with two distinct phases 

illustrating: a) SEM micrograph at high magnification and b) corresponding 

compositional map of Fluorine (F). 
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PTFE is a common additive used as a solid lubricant in both thermoplastics and 

thermosets, due to its ability to form friction reducing transfer layers containing 

PTFE [71], [82], [164], [165]. These layers plays a critical role in reducing the 

friction coefficient as a PTFE-PTFE contact has a very low friction coefficient 

[76], [166], [167]. 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 [168]–[171]. When used 

together with PTFE, such additives eliminate so-called “break-in” period [172]. 

In summary, the material characterization of the thermoplastic showed that it is 

a homogenous polymer blend containing evenly dispersed spherically shaped 

PTFE inclusions and silicone-based additives as solid lubricants.  

3.1.2 Fabric-reinforced thermoset   

From the reconstruction of the XMT imaging of the fabric-reinforced 

thermoset, using 4x and 20x objectives, five phases are distinguished. The 

different phases are clearly visible in Figure 26 where the cross section of the full 

tomographic reconstruction using 20x objective in grey scale is shown. The scale 

reflects relative density of the features, where black corresponds to the lowest 

density and white to the highest. Phase one (I) represents the bulk polymeric 

material. The second phase (II) corresponds to the fibres which constitutes the 

woven structure. Phase three (III) and four (IV) are particles, where phase three 

has a higher density. The fifth phase (V) corresponds to the pores (voids) in the 

material. 

Compared to the thermoplastic material, the structure of the fabric-reinforced 

thermoset is more complex. It was not possible to segment all the phases of the 

fabric-reinforced thermoset using the standard threshold procedure as the fibres 

and the polymer bulk material both consists of polyester and PTFE, having similar 

density. It is therefore hard to distinguish these phases 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 when scanned 

using 20x objective indicated that the volume fraction is 1.2 vol.% for pores and 

8.8 vol.% for particles corresponding to phase four. Volume fraction of particles 

corresponding to phase three, though measured, is not disclosed for proprietary 

reasons. 

Pore size distribution revealed 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. The 

pores are significantly larger in the fabric-reinforced thermoset compared to the 

thermoplastic. 

The majority of particles corresponding to phase three have a volume below 

840 µm3, but a few have larger volumes up to 1800 µm3, while the majority of the 

particles corresponding to phase four have a volume less than 20 000 µm3 but some 

are much larger up to 7.5 × 106 µm3. Indicating that the majority of lower density 
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particles (phase four) have a volume more than 20 times larger than the higher 

density particles (phase three). 

 
Figure 26. 3D A cross section of the full tomographic reconstruction of the fabric-

reinforced thermoset obtained using XMT with 20x objective, showing five different 

phases and their relative size. 

In Figure 27, two scans using 4x and 20x objectives reveal an uneven 

distribution of the segmented pores in the fabric-reinforced thermoset. The scan 

using 4x objective (Figure 27 (a)), reveals larger pores in the material structure 

situated on different locations. The higher magnification scan (Figure 27 (b)) 

shows that pores are more abundant in areas close to fibres, due to that the resin 

matrix do not perfectly adhere to the structure fibres. Cross sections of the full 

tomographic reconstruction using 4x objective, revealed that the spacing between 

the woven fibres is not uniform and represent a structural heterogeneity in the 

material. 
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Figure 27. Segmented pores in the fabric-reinforced thermoset for the tomographic 

scans using: a) 4x objective, with a part of the entire macro structure visible, and b) 20x 

objective. 

Concentrations of inorganic constituents in the fabric-reinforced thermoset, 

measured by ICP-SFMS, are presented in Table 5. Similar to the thermoplastic, 

only elements with measured concentrations above 0.001 wt.% are included. 

Calcium (Ca) was one of the detected elements and based on information from the 

bearing manufacturer CaCO3 is added to the material as a particulate filler. 

Molybdenum (Mo) and Sulphur (S) were also detected and according to the 

bearing manufacturer, MoS2 is added as a solid lubricant to the material. 

Concentrations of Molybdenum (Mo) and Sulphur (S) are not disclosed for 

proprietary reasons. Based on these findings it can be determined that phase three 

and four in the XMT analysis (Figure 26) corresponds to MoS2 and CaCO3, 

respectively. The sum of inorganic components is several times higher in 

comparison to the thermoplastic. Besides Calcium (Ca), Mo, and S there are also 

several other inorganic elements in the material, though in relatively low 

concentrations. Si was one of the detected elements and Silica (SiO2) is a 

commonly used filler in thermoset composites added in order to enhance the 

mechanical properties of the materials [173]–[175]. 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 curing process of 

polyester thermosets [176]. 

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, 

concentrations of the latter two compounds can be calculated, providing estimate 

of 19 wt.% (CaCO3). Results from XMT and ICP-SFMS measurements provide 

almost identical MoS2 concentrations, while it is almost two-fold difference in 

CaCO3 estimates between the two analytical techniques. The reason for the 
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discrepancy is most likely spatial heterogeneity of the material causing the volume 

fraction obtained from XMT using high magnification lens (20x) to strongly 

dependent on the location of the scan and thus may not be representative for the 

whole sample. The almost identical MoS2 concentrations from the two different 

measurement techniques show that the solid lubricant is evenly dispersed within 

the material matrix. 

Table 5. Concentration of inorganic constituents in the fabric-reinforced thermoset. 

Element Concentration 

[wt.%] 

Comment 

Ca 4.20  Correspond to 10.4 wt.% CaCO3 

Mo –  Constituents of MoS2, used as a solid lubricant 

 Values of concentration are not disclosed for proprietary  

 reasons S – 

Si 0.03  Possibly used as a filler 

Mg 0.02  Potential contamination during preparation 

Fe 0.01  Potential contamination during preparation 

Co 0.01 
 Used as a promoter in the cure process of polyester   

 thermosets 

Al 0.01  – 

K 0.01  – 

Sr 0.01  Probably impurity from CaCO3 

Mn <0.01  Potential contamination during preparation 

 

3.1.3 Fibre-reinforced thermoset   

The microstructure of the fibre-reinforced thermoset material, from 

reconstruction of the XMT imaging using the 4x and 20x objectives, is presented 

in Figure 28 in grey scale and the volume fractions of the quantified internal phases 

are summarized in Table 6. The contact surface, i.e. the surface that will be sliding 

against the stainless steel during the tribological tests, is visible in the figures. 

Similar to the fabric-reinforced thermoset, the structure of the fibre-reinforced 

thermoset is more complex compared to the homogeneous thermoplastic. From the 

reconstruction of the XMT imaging using the 20x objective, four phases can be 

distinguished in the cross-sections of the full tomographic reconstruction (Figure 

28 (a) and (b)). The first phase corresponds to the pores in the material, seen as 

black features in the XMT images. The second phase in light grey was determined 

by EDS analysis of an unworn polymer pin surface to be PTFE particles that are 

spun in to the polyester filaments. Since PTFE has a higher density compared to 

the epoxy resin and polyester filaments it is therefore of a lighter grey colour. The 

third phase corresponds to impurities in the material, seen as white/bright features 

in the XMT images due to their higher relative density. The fourth phase are shown 

as darker grey features, having the highest volume fraction of the material (Table 



Chapter 3: Results and discussion 

64 

6) and a lower relative density compared to the PTFE particles. This phase 

corresponds to both the polyester filaments and epoxy resin matrix containing 

graphite. The obtained XMT results show that the constituents of this phase have 

similar relative density and are hence hard to separate when considering the grey 

scale information. 

 
Figure 28. Microstructure in grey scale of the fibre-reinforced thermoset material 

obtained using XMT with the contact surface marked and double-headed arrows 

indicating the sliding direction. A cross-section of the full tomographic reconstruction 

using higher-resolution (20x) objective, showing the different constituents in the material: 

a) parallel to the sliding direction and b) perpendicular to the sliding direction. 3D 

visualization of the material from the tomographic scans, with segmented pores and a part 

of the whole structure visible, using: c) 20x objective scans of a cylinder with a diameter 

of 0.55 mm (pores are purple), and d) 4x objective scans of the entire polymer pin (4×4×4 

mm3) (pores are black). 

It should be mentioned that it was hard to properly segment the PTFE particles 

from the epoxy resin and polyester filaments in the image using the standard 

threshold procedure. The PTFE particles had to be slightly undersegmented in 

order to avoid that part of the epoxy/polyester filament matrix also were included 

in the image segmentation, which occurred when all regions corresponding to 

PTFE particles were included. This means that the volume fraction of the PTFE 
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particles (Table 6) is slightly higher in reality while, the volume fraction of the 

epoxy/polyester filament phase is lower, especially for the higher-resolution scan. 

Table 6. Volume fraction of the internal phases in the fibre-reinforced thermoset 

measured using XMT with two different objectives. 

 Internal phase Low resolution, 4x 

[vol.%] 

High resolution, 20x 

[vol.%] 

Polyester filaments and epoxy resin 

containing graphite 
76.72 78.75 

PTFE particles 22.98 19.93 

Pores 0.22 1.25 

High density particles (impurities) 0.08 0.07 

 

The higher-resolution scan (20x) reveals channel-like pores (Figure 28 (c)) in 

the fibre-reinforced thermoset. These pores are located in the phase containing 

epoxy resin and polyester filaments and are following similar curvature pattern as 

the PTFE particles in the material. Cross-sections of the full tomographic 

reconstruction (Figure 28 (a) and (b)), shows that some thinner pores are located 

in the boundary between the PTFE particles and the epoxy/polyester filament 

phase. This means that the resin matrix does not perfectly adhere to the PTFE 

particles. There is also presence of smaller pores, randomly distributed in the 

structure of the material. The pore size distribution showed that the majority of the 

pores have a volume less than 15 000 µm3, with only single pores having a volume 

up to 100 000 µm3. The majority of the higher density particles (impurities) in the 

material have a volume below 1515 µm3, with a few having larger volumes up to 

10 600 µm3. Quantification of the internal phases in the material scanned using 

20x objective showed that the volume fraction of pores is 1.25 vol.% and 0.07 

vol.% for impurities (Table 6). The volume fraction of pores and size is lower for 

the thermoplastic and similar for fabric-reinforced thermoset compared to the 

fibre-reinforced thermoset, using the same resolution (20x) objective. 

The low-resolution scan reveal uneven distribution of the segmented pores in 

the material, similar to the fabric-reinforced thermoset. The pores are concentrated 

in regions between the layers of reinforcement fibres with positive and negative 

orientation angle, forming a cross (Figure 28 (d)). These locations can be 

considered as weak points in the material due to presence of pores and indicate 

insufficient adhesion between the layers. The majority of the pores are located 

between the PTFE particles and the epoxy resin/polyester filament phase but some 

are also located within the latter. From the pore size distribution, it can be seen that 

the majority of the pores have a volume less than 2.3 × 106 µm3, but some having 

larger volumes up to 10 × 106 µm3. Quantification of the internal phases in the 

material scanned using 4x objective showed that the volume fraction of pores is 

0.22 vol.% (Table 6), which is more than five times lower compared to the higher-

resolution scan (20x). The deviation is mainly attributed to the differences in 
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spatial resolution between the two objectives, 5.96 µm for the 4x objective 

compared to 0.56 µm for the 20x objective. Therefore, many of the pores visible 

in the higher-resolution scan are too small to be resolved in the low-resolution 

scan. Another explanation for the deviation in volume fraction of the pores 

between the two scans is the structural heterogeneity of the material. As seen in 

Figure 28 (d), several larger pores are situated at different locations and the pores 

are not distributed uniformly. Hence, the location of the higher-resolution scan will 

influence the obtained volume fractions of the internal phases. Nevertheless, as 

there is presence of smaller pores in the material, the higher-resolution scan gives 

a better estimation of the volume fraction of the pores compared to the low-

resolution scan due to better spatial resolution. Compared to the fabric-reinforced 

thermoset, the volume fraction of pores is less in the fibre-reinforced material and 

the pores are also smaller. 

Average concentrations of inorganic constituents in the fibre-reinforced 

thermoset, measured by ICP-SFMS are presented in Table 7. Similar to the other 

bearing materials, only elements with measured concentrations above 0.001 wt.% 

are included in the table, with a sum of 0.57 wt.%. This shows that the fibre-

reinforced thermoset is mostly an organic polymer, similar to the thermoplastic 

material, while the fabric-reinforced thermoset has several times higher 

concentration due to addition of MoS2 as solid lubricant and CaCO3 as particulate 

filler in the material. 

Si was one of the detected elements in the fibre-reinforced thermoset with 

similar concentration of 0.03 wt.% as in the fabric-reinforced thermoset. The 

elemental analysis does not provide information on structure or bonds of the 

component containing silicon in the material. It is possible that SiO2 has been 

added to the material in order to enhance the mechanical properties, as it is a 

common filler in thermoset composites [173]–[175], [177]. It is also possible that 

Poly(siloxane) has been added to the epoxy resin to improve its toughness [177], 

[178]. 

Lancaster [82], reported that small amounts of impurities are almost inevitably 

present in graphite that are used as fillers in polymers. These impurities can be 

abrasive towards the metal counter surface, especially in dry bearing design [82] 

and can also affect the properties of the graphite even at trace levels, such as Fe, 

Mg, and Mn [179]. It is therefore of interest to investigate presence and 

concentrations of impurities in a self-lubricating polymer bearing material to aid 

the interpretation of the tribological results. Compared to the fabric-reinforced 

thermoset (11) and the thermoplastic (6), the fibre-reinforced thermoset shows the 

highest number of traced inorganic elements (12) having concentrations above 

0.001 wt.%, especially in comparison to the latter. The majority of these elements 

are consistent with the reported metallic impurities found in graphite using similar 

measurements technique, such as Aluminium (Al), Mg, Ti, Fe, Sb, Cu, and Mn 

[180]–[184]. The presence of impurities in the fibre-reinforced thermoset is also 

confirmed by XMT analysis as well as by EDS analysis.  
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Table 7. Concentration of inorganic constituents in the fibre-reinforced thermoset. 

Element Concentration 

[wt.%] 

Comment 

Al 0.19  Potential impurity from graphite or contamination during  

 sample preparation Mg 0.11 

S 0.09  Potential curing agent of epoxy resin, [185]–[187] 

Ti 0.07  Potential impurity from graphite or contamination during  

 sample preparation Fe 0.06 

Si 0.03  Possibly used as a filler 

Sb 0.01 
 Potential impurity from graphite or commonly used as  

 flame retardant in polymers such as Sb2O3, [188], [189] 

P <0.01  Potential curing agent of epoxy resin, [186], [187] 

Cu <0.01 
 Potential impurity from graphite or contamination during  

 sample preparation 

Zr <0.01  – 

Mn <0.01 
 Potential impurity from graphite or contamination during  

 sample preparation 

 

However, it is also possible that some of the detected elements originate from 

external contamination during machining of the polymer pins. For the fibre-

reinforced thermoset and the thermoplastic the detected Fe, Mg, Mn, and Ti was 

attributed to potential contamination during preparation of the polymer pin 

samples. These pins were machined in different workshops and hence, the level of 

introduced contaminations can differ. Concentrations of Fe, Mg and Ti are several 

times higher for the fibre-reinforced thermoset compared to the fabric-reinforced 

thermoset and the thermoplastic. This can be explained by impurities from graphite 

and/or a higher ability for the impurities to stick to the surfaces of the fibre-

reinforced thermoset. According to the manufacturer of the fibre-reinforced 

thermoset, the finished sliding layer as well as the reinforcement fibres are 

generally roughened or fibrous [153]. This explains why a higher concentration of 

contaminations during machining of the polymer pins can stick to the surface even 

after the ultrasonic cleaning. 

Approximately 78 % of the detected concentrations of inorganic constituents 

presented in Table 7 potentially originates from impurities in graphite or 

contaminations during sample preparation. Meanwhile, significantly lower 

concentrations are detected in the thermoplastic (15 %) and even lower in the 

fabric-reinforced thermoset. This is mainly attributed to addition of graphite in the 

epoxy resin of the fibre-reinforced thermoset. 
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3.2 Development of transfer layers and tribological 

behaviour  
In this section, the development of transfer layers and the corresponding 

tribological behaviour is presented for the thermoplastic and the fabric-reinforced 

thermoset sliding against stainless steel under interrupted long duration (160 h) 

sliding tests. More details about this study can be found in Paper B. 

3.2.1 Friction behaviour 

Figure 29 shows the average and maximum coefficient of friction obtained for 

the two bearing materials for each 20 h test interval. The thermoplastic bearing 

material shows lower friction, both average and maximum, than the fabric-

reinforced thermoset. The average coefficient of friction is rather stable throughout 

the test for both bearing materials with an average coefficient of friction for the 

total 160 h test duration of 0.056 ± 0.006 for the thermoplastic and 0.081 ± 0.008 

for the fabric-reinforced thermoset. The thermoplastic material shows a gradually 

decreasing friction until it reaches the minimum value after 80 to 100 hours of 

sliding. Meanwhile, the fabric-reinforced thermoset material shows an opposite 

behaviour and reaches its maximum value after the same time, with an average 

coefficient of friction almost twice as high as for the thermoplastic. After 100 h, 

the average coefficient of friction is gradually increasing for the thermoplastic until 

the last 20 h test interval where it is decreasing. The fabric-reinforced thermoset 

shows a decrease between 100–120 h and thereafter gradually increasing again. 

 
Figure 29. Variation of maximum and average coefficient of friction with test duration 

for the thermoplastic and the fabric-reinforced thermoset bearing materials. 
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During the first 20 hours, the maximum coefficient of friction (Figure 29) is 

similar for both materials. Thereafter, the thermoplastic shows a gradually 

decreasing maximum friction with time, while the fabric-reinforced thermoset 

exhibits an increasing maximum friction behaviour until between 80 to 100 hours, 

followed by slightly lower and more stable values until the end of the test. 

Comparing the initial maximum coefficient values with the end values, it decreases 

40 % for the thermoplastic and increases 44 % for the fabric-reinforced thermoset. 

This clearly shows that the maximum coefficient of friction changes significantly 

over time for both materials. Hence, the frictional behaviour of these materials 

should not be extrapolated based on short duration tests. 

The maximum coefficient of friction is almost twice as high as the average 

coefficient of friction for both materials, except for the last 60 hours of operation 

for the thermoplastic material where the difference is smaller. Despite this, 

numerous studies [21], [131], [145], [147]–[149], [151], [190]–[192] only report 

the average coefficient of friction and in some cases, there is a lack of information 

regarding how the coefficient of friction is defined. 

In Figure 30, the static and dynamic coefficients of friction in the beginning and 

end of each 20 h test interval are presented for the two bearing materials. Standard 

deviations are calculated based on 15 strokes and presented in the figure for the 

dynamic friction. For the static friction, the standard deviations are very small, 1.1 

± 0.9 % for the thermoplastic and 0.7 ± 0.3 % for the fabric-reinforced thermoset 

and hence not presented in the figure. Comparing the coefficients of friction, it can 

be observed that the thermoplastic exhibits lower static and dynamic friction than 

the fabric-reinforced thermoset.  

 
Figure 30. Variation of the static and dynamic coefficient of friction in the beginning 

and end of each 20 h test interval for: a) the thermoplastic and b) the fabric-reinforced 

thermoset bearing material. The red circles indicate the difference in friction between the 

end of a 20 h test interval and the beginning of the next. 

The static coefficients of friction follow similar trends as the maximum 

coefficients of friction, i.e. increasing with test duration for the fabric-reinforced 

thermoset and decreasing for the thermoplastic material. The dynamic coefficients 
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of friction show a rather stable behaviour for both materials. For the thermoplastic, 

a higher dynamic friction can be seen at the very beginning (0 h) and towards the 

end of the test (Figure 30 (a)). For the fabric-reinforced thermoset, a lower 

dynamic friction is found at the beginning of the second 20 h test interval (20 h) 

and a higher dynamic friction towards the end of the fifth 20 h test interval (100 

h), Figure 30 (b). 

The static and dynamic friction values obtained for the thermoplastic, with an 

average of 0.094 ± 0.015 and 0.056 ± 0.009 respectively, are lower than the ones 

obtained by Ren and Feng [107] of 0.12 and 0.10. The difference can be attributed 

to the type of contact as those tests were carried out using a journal bearing test 

setup as well as to a different operating conditions ( 23 ± 7 MPa, 7–9 mm/s and 

1.1 mm amplitude). However, the identified friction behaviour trends are similar, 

with a decreasing static friction with time as well as decreasing difference between 

the maximum and average friction observed approximately after 70 h of operation. 

For the fabric-reinforced thermoset, the obtained static and dynamic friction 

values, with an average of 0.135 ± 0.025 and 0.088 ± 0.013 respectively, are higher 

than the ones obtained by Jones et al. [106] of 0.088 and 0.061. This is also 

attributed to the difference in test setup and operating conditions. However, the 

dynamic friction values obtained are in agreement with previously reported 

dynamic friction value of 0.1 at 29 MPa contact pressure by Gawarkiewicz and 

Wasilczuk [21]. 

An important observation is that for both of materials, the static and dynamic 

friction levels are lower at the beginning of each 20 h test interval than at the end 

of the previous one. This is exemplified and highlighted with red circles in Figure 

30 (b). The increase in friction with time during each 20 h test interval appears to 

be higher for the static friction than the dynamic friction and especially for the 

fabric-reinforced thermoset. The increase in static and dynamic friction can be 

attributed to the low thermal conductivity of these materials, leading to a 

temperature increase in the contact zone during the test and thereby promoting 

adhesion between the surfaces. The fabric-reinforced thermoset material has a 

slightly lower thermal conductivity and overall higher friction in comparison to 

the thermoplastic material, which contributes to higher temperature rise and thus 

larger real contact area with higher adhesion due to increased number of contact 

points. Increase in friction with increased temperature have previously been 

reported for polymers [66], [131], [148] as well as fibre-reinforced composites 

[144], [190], [191]. In addition, an increase in bulk temperature have been 

observed as the test proceeds [144], [145], [148], [151]. 

3.2.2 Wear behaviour 

Figure 31 shows the specific wear rates obtained based on the LVDT 

displacement sensor measurements for the two bearing materials for each 20 hours 

test interval during the long sliding distance tests. It is important to highlight that 

the LVDT measures the total surface damage which includes material removal as 
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well as plastic and elastic deformation. The average specific wear rate for the total 

test duration of 160 h is 1.7 × 10-6 mm3/Nm for the thermoplastic and 2.9 × 10-6 

mm3/Nm for the fabric-reinforced thermoset. In general, the thermoplastic exhibits 

a lower average wear rate than the fabric-reinforced thermoset. 

In general, the wear behaviour of both materials does not show a linear tendency 

during the tests. The specific wear rates during the first 20 hours are around three 

times higher than during the last 20 hours of operation (140–160 h). However, the 

decrease is not linear as the highest wear rate is obtained between 40 to 60 hours 

of testing for the thermoplastic and between 20 to 40 hours for the fabric-

reinforced thermoset. The specific wear rates appear to stabilize towards the end 

of the test for both of the materials.  

When analysing the obtained friction coefficients and specific wear rates for the 

two bearing materials, two interesting observation can be made. The average 

coefficient of friction during the first 20 hours of operation is similar between the 

two materials even though the specific wear rate is twice as high for the fabric-

reinforced thermoset. The second observation is that the average coefficient of 

friction has a decreasing trend over time for the thermoplastic in contradiction to 

the fabric-reinforced thermoset displaying an increasing trend. However, both 

materials show a decrease in wear rate with time. Consequently, the coefficient of 

friction is affected differently by the changes in wear of the two bearing materials. 

 
Figure 31. Variation of the specific wear rate with test duration for the thermoplastic 

and the fabric-reinforced thermoset bearing materials. 

The higher specific wear rates in the beginning of the test is due to running-in 

wear and compressive deformation. Additional deformation due to creep is also 

registered as wear during the experiments as a result of the in-situ technique using 

an LVDT sensor. However, deformation will also occur in real bearing 
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applications and contributes to a higher clearance of the bearing, which in turn 

gives rise to higher contact pressures at the edges and ultimately limits the service 

life. Therefore, it is important to know the total contribution from both the wear 

and the deformation in order to calculate the service life of these bearing materials. 

However, estimating the service life of bearings for these materials based on short 

tests will lead to an underestimation because of the initial higher wear due to 

running-in and deformation. 

The obtained specific wear rate for the thermoplastic material is higher than the 

one presented by Ren [107] of 1.4 × 10-11 mm2/N. This is attributed to the 

difference in test setup and conditions. However, the obtained specific wear rate 

results are similar to the ones presented by Samyn et al. [193] for PTFE filled PET 

sliding against cold rolled steel. The tribological behaviour of the thermoplastic 

material is similar to that for PTFE filled PET, as the friction behaviour also was 

similar between the two materials.  

The obtained specific wear rates for the fabric-reinforced thermoset are also 

higher than previously published for studies testing the material using journal 

bearing test setup [21], [106].  

3.2.3 Wear mechanisms and development of transfer layers 

Stainless-steel counter surface 

The surface topography of the stainless-steel counter surface before and after 

sliding against the thermoplastic and the fabric reinforced thermoset after different 

test duration are presented in Figure 32. The protruding areas in the figures 

correspond to the transfer layers and black areas represent missing data points and 

correspond to regions with thick layers of polymer wear debris, which have poor 

reflectivity during surface topography measurements. Comparing the surface 

before and after 20 hours of sliding against the thermoplastic polymer pin (Figure 

32 (a)), the highest asperities have been worn off. In addition, grooves are seen in 

two regions in the centre of the wear track which indicates material removal from 

the stainless steel due to abrasion. These grooves are propagating in size as the test 

continues until 80 hours of operation and thereafter only grows deeper. 

After sliding against the fabric-reinforced thermoset (Figure 32 (b)), deep 

grooves in the sliding direction that cover most of the wear track can clearly be 

seen. These grooves continue to propagate in width and depth throughout the entire 

test. They are deeper in the middle of the wear track, where the maximum sliding 

velocity occurs and number of contact cycles is the highest. 

Abrasive wear is the dominant wear mechanism of the steel substrate after 

sliding against the two bearing materials, as illustrated in Figure 33. The presence 

of both micro-cutting and micro-ploughing are prevalent. The stainless-steel 

surface grains are worn and flattened and the grain boundaries are filled with 

transferred polymer bearing material. The abrasive wear of the steel surface is 

caused by interaction with workhardened and oxidised steel wear debris as well as 

reinforcements and particulate filler in the polymer composites. The fabric-
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reinforced thermoset causes more micro-ploughing damage to the steel compared 

to the thermoplastic, especially in the middle of the wear track. This is attributed 

to a higher content of reinforcement fibres and particles in the material. 

 
Figure 32. Evolution of surface topography of the stainless-steel counter surface after 

sliding against the: a) thermoplastic, and b) fabric-reinforced thermoset. Objective: 

2.75x, field of view: 2x. The 3D optical surface profiles are consisting of several 

individual measurements that are stitched together with 25 % overlap. The sliding 

direction in the figures is parallel to the vertical axis. Black areas in the figure are 

missing data points and corresponds to regions with thick layers of polymer wear debris, 

which have poor reflectivity during surface topography measurements. Difference in 

accumulation of wear debris around the wear track partially depends on how much that 

has been removed using pressurized air. 

After sliding against the thermoplastic, nanoparticles were found in the entire 

wear track and a typical particle is shown in Figure 34. These particles have an 

octahedral or bi-pyramidal structure (typical of nanodiamonds) and a size between 

300–550 nm. There is a small peak at 40 ppm in the direct excitation solid-state 
13C MAS NMR spectrum of the thermoplastic (Figure 10 in Paper A), which is in 

the typical range (37–45 ppm) for nanodiamonds [194]. Nanodiamonds are used 

as reinforcement filler in the thermoplastic material and due to their small size they 
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were not detected in the XMT analysis. These particles contribute to the abrasive 

wear of the steel surface after sliding against the thermoplastic material. 

 
Figure 33. SEM micrographs of the steel surface after sliding against the 

thermoplastic polymer pin for 160 hours. The sliding direction in figure is parallel to the 

vertical axis. 

In regions subjected to abrasive wear and with low coverage of transfer layers, 

no remaining grain boundaries are found. The micro wear mechanisms are 

gradually contributing to the propagation of macro-scale abrasive wear grooves 

that are seen in the surface topography measurements of the stainless-steel surface 

in Figure 32. Initiation of abrasive grooves contributes to uneven surface 

topography, which in turn gives rise to a variation in local contact pressure 

distribution. This will contribute to a higher material removal rate from the 

stainless-steel surface by micro-cutting and micro-ploughing in a synergistic 

effect.  

 
Figure 34. SEM micrograph illustrating nanoparticles found on the wear track formed 

on the stainless-steel counter surface after sliding against the thermoplastic polymer pin. 
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SEM micrographs of the worn steel surface after sliding against the 

thermoplastic revealed small evenly distributed patches of the transferred polymer 

material after the first 80 hours of operation, similar to the ones in Figure 35 (a) 

along the left side. The surface coverage is low even after 360 000 cycles (80 

hours) which is attributed to either difficulty to develop a transfer film and/or its 

easy removal. The areas subjected to abrasive wear showed less material transfer. 

Furthermore, more material transfer was observed close to the reversal points of 

the wear track, where the sliding velocity goes to zero and accumulation of wear 

debris occurs due to the reciprocating motion. 

Between 80 and 100 hours of operation, a significant increase in surface 

coverage is seen. Lumpy transfer with larger patches of the polymer material was 

found especially along the right side of the wear track (Figure 35 (a)) and at the 

reversal points. However, less material transfer than previously was found in the 

areas subjected to abrasive wear. The increased surface coverage after 100 hours 

will protect the stainless-steel surface from direct contact with hard particles and 

reinforcements in the polymer, which reduces the abrasive wear. 

 
Figure 35. SEM micrographs of the wear track containing transfer layers (darker 

features), formed on the stainless-steel counter surface at the centre of the wear track 

after sliding against the thermoplastic polymer pin for: a) 100 hours and b) 160 hours. 

The sliding direction in the figures is parallel to the vertical axis. 

An increased formation and coverage by transfer layers continued until the last 

20 hours of operation, where a significant decrease was observed (Figure 35 (b)). 

In [76], Bahadur showed that the transferred material is made up of many small 

lumps that agglomerate during repetitive sliding. This, together with gradually 

more availability of wear debris from the polymer pin, explain the increase in 

transfer layer formation with time. After the test, it can be seen that the transfer 

layers are covering a large part of the surface except some regions in the middle 

that have been subjected to abrasive wear (Figure 35 (b)).  

The highest surface coverage by transfer layers was observed after 140 hours. 

In case of thicker transfer layers, the average coefficient of friction (Figure 29) and 

the dynamic coefficient of friction (Figure 30 (a)) follow a similar trend as the 

changes in surface coverage by transfer layers. The increased coverage between 



Chapter 3: Results and discussion 

76 

100 hours to 140 hours correspond with the friction reaching its maximum and 

thereafter decreases. However, when the transfer consists of small and evenly 

distributed patches (before 80–100 hours of operation) the coefficient of friction 

decrease with increased surface coverage. The thick transfer layers are not 

beneficial from a friction point of view due to increased adhesion between the 

sliding surfaces. The transfer layers should be very thin as thicker films may 

provide thermal barriers or be mechanically unstable [195].  

The dynamic coefficient of friction at the end of each 20 h test interval is 

significantly influenced by changes in transfer layers coverage. This is attributed 

to increased temperature in the contact zone, thermal softening, and a larger real 

contact area. This results in higher adhesion due to increased number of contact 

points between the polymer pin and the transfer layer. 

On the other hand, the static coefficient of friction is decreasing during the 

entire test, except at the end of the test after 140 hours. The higher reduction rate 

after 100 hours is explained by the decrease in the amount of lumpy transfer layers 

at the reversal points. The static friction is the lowest after 160 hours where less 

lumpy transferred material is present at the reversal points. The rise in static 

coefficient of friction after 140 hours of operation correlates with an increased 

formation of lumpy transfer at the reversal points. 

The development of transfer layers in case of the fabric-reinforced thermoset is 

different to the thermoplastic as the highest material transfer was detected already 

after the first 20 hours of testing (Figure 36 (a)). Similarly to the thermoplastic, 

less material transfer was seen in the middle of the wear track than at the reversal 

points. In addition, less transferred material was found in the regions subjected to 

abrasive wear. The transfer layers in these regions are worn away due to abrasion 

caused by the reinforcement and filler particles in the polymer. As the test 

continued, a gradual decrease in transfer layers and increase in abrasive wear 

marks over time was observed (Figure 36 (b)), both in the middle and at the 

reversal points of the wear track. The lower surface coverage in case of the fabric-

reinforced thermoset in comparison to the thermoplastic material is a contributing 

factor to the overall higher coefficient of friction. 

An interesting observation is that the static friction at the end of the test is more 

than two and a half times higher for the fabric-reinforced thermoset in comparison 

to the thermoplastic, despite the higher amount of thicker transfer layer at the 

reversal points. However, the transfer layers are located at the very end of the 

reversal points and the surface coverage is less in the remaining part of the wear 

track in comparison to the thermoplastic.  

Comparing the development of transfer layers for the two materials it was found 

that the transfer layers visible after one 20 h test interval could be removed after 

the next and replaced by new layers as the test continued. The transfer layers will 

continuously be built-up and removed during sliding. According to Friedrich [195] 

the wear increases if transfer layers detach as the depleted transfer layer is 
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repeatedly replenished. This explanation is in line with the relatively high constant 

specific wear rate for the two materials, even after the running-in process. 

 
Figure 36. SEM micrographs of the wear track containing transfer layers (darker 

features), formed on the stainless-steel counter surface at the centre of the wear track 

after sliding against the fabric-reinforced thermoset for: a) 20 hours and b) 160 hours. 

The sliding direction in the figures is parallel to the vertical axis. 

Representative SEM micrographs showing typical transfer layers formed on the 

stainless-steel counter surface after sliding against the two materials at the end of 

the test are presented in Figure 37. Several hundreds of SEM micrographs were 

analysed during this study and the following features are observed:  

I) The transfer layers are patchy as opposed to continuous and do not cover 

the steel surface uniformly. Patches of the transfer layers have been continuously 

detached from the substrate (Figure 37 (a)) and repeatedly replenished showing 

poor adhesion of the transfer layers to the steel substrate. Micro and macro cracks 

are prevalent in the transfer layers. These are caused by the reciprocating motion 

and alternating shear stresses. 
 

II) Remaining hardness indents (Figure 37 (b)) indicate that plastic 

deformation has occurred and hence poor elastic recovery of the transfer layers. In 

most of the regions where nanoindentations have been performed, part of the 

transfer layer has detached due to the indentations. This indicates that the transfer 

layers are not well consolidated in addition to poor adhesion of the transfer layers 

to the substrate. 
 

III) Embedded steel wear particles and reinforcement/fibre debris in the 

transfer layers. 
 

IV) The transfer layers appear to be built-up in layers. This is especially 

apparent for the fabric-reinforced thermoset in Figure 37 (b), where it can be seen 

that the outermost layer has detached in some locations due to nano-indentations 

revealing another layer underneath. This also indicate poor adhesion between the 

built-up transfer layers. 
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Figure 37. SEM micrographs of the transfer layers formed on the steel surface in the 

end of the test after sliding against: a) the thermoplastic and b) the fabric-reinforced 

thermoset. The sliding direction in the figures is parallel to the vertical axis. 

Figure 38 shows average hardness values obtained from the nanoindentation 

measurements of the transfer layers. The fabric-reinforced thermoset transfer 

layers are harder than the ones for the thermoplastic indicating that these could 

contribute to more wear of the polymer pin in comparison to the thermoplastic, 

which correlate with the wear behaviour in Figure 31. For the thermoplastic, it was 

found that the hardness differed at different locations in the wear track, as 

illustrated in Figure 38. The hardness is higher in the middle of the wear track in 

comparison to the reversal point. The hardness will be affected by both differences 

in transfer layer thickness as well as varying content of steel wear debris. No 

hardness values are presented for the fabric-reinforced thermoset transfer layers in 

the middle of the wear track due to absence of larger and thicker patches. 

 
Figure 38. Nanoindentation-hardness of the transfer layers formed on the stainless-

steel surface after sliding against the thermoplastic and fabric-reinforced thermoset 

obtained from the nanoindentation measurements using 5 mN load. Measurements 

presented in the figure are carried out at the reversal points for both of the materials and 

also in the middle of the wear track for the thermoplastic. 
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A cross-section, prepared using FIB, of a thicker transfer layer (~2µm) formed 

at the reversal point on the stainless-steel counter surface after sliding against the 

thermoplastic is illustrated in Figure 39 (a). The polymer transfer first fills the pits 

and valleys on the steel surface and the transfer layer is then gradually built up. 

The micro cracks in the transfer layer indicate poor adhesion between substrate 

and transfer layer. The micro cracks initiate at the polymer-steel interface and 

propagate through the entire transfer layer down to the steel substrate. The 

heterogeneous structure of the layer supports the proposed continuous breakdown 

and build-up mechanism over time. In regions where the transfer layer is thicker, 

the steel substrate appears less worn, although some polishing and removal of 

material has taken place. Crack initiation marked in the figure indicates that 

surface fatigue is another prevalent wear mechanism for the steel counter surface. 

 
Figure 39. Cross-section of the transfer layer formed on the stainless-steel surface at 

the reversal point after sliding against: a) the thermoplastic and b) the fabric-reinforced 

thermoset. The sliding direction in the figure is parallel to the horizontal axis. 

Cross-sections of the transfer layers at reversal point revealed that the transfer 

layers are thicker in these regions (Figure 39 (b)) compared to the middle (Figure 

40). The thicker transfer layer at the reversal point (Figure 39 (b)) have a higher 

content of particles of various size and shape. Due to the nature of the fabric-

reinforced thermoset, containing both fibre as reinforcement and CaCO3 as a filler, 

it is hard to distinguish if the wear particles are debris from the steel or constituents 

from the polymer itself. Due to the abrasive wear of the steel surface, it is 

reasonable to assume a significant content of steel wear debris. An increasing 

amount of steel debris in the transfer layers at the reversal points will contribute to 
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a higher degree of defects in the transfer layers. Similar to the thermoplastic, there 

are cracks in the layer indicating that the transfer layers are not well consolidated 

and with a heterogeneous structure due to the progressive build-up. However, there 

are more defects in the transfer layers in comparison to the ones in case of the 

thermoplastic. This explains the higher hardness of the transfer layers formed after 

sliding against the fabric-reinforced thermoset compared to thermoplastic. 

Cross-section analysis of the transfer layers in the middle of the steel wear track, 

corresponding to the region of maximum speed and highest number of load cycles, 

revealed thinner layers with a thickness less than 500 nm and thinner for the fabric-

reinforced thermoset (Figure 40). Both bearing materials resulted in flattening of 

the steel substrate and subsurface cracks were found, similar to those shown in the 

Figure 40, indicating local fatigue of the steel surface. The subsurface fatigue 

cracks are more common in the regions with thinner transfer layer where higher 

near surface shear stresses are present. These cracks will eventually propagate and 

results in detachment of wear particle from the steel surface. 

 
Figure 40. Cross-section of the transfer layer formed on the stainless-steel surface in 

the middle after sliding against the fabric-reinforced thermoset. The sliding direction in 

the figure is parallel to the horizontal axis. 

Based on the surface analysis it can be stated that the transfer layer formation 

mechanism initiates by transfer of polymer to the steel substrate that fill the 

grooves and valleys in the steel surface. The layer is then built up and worn down 

continuously. Cracks in the transfer layer, and between transfer layer and substrate, 

shows that there is some removal of larger patches of the layer. A thicker transfer 

layer contributes to a less worn steel surface while a thinner layer does not 

sufficiently protect the underlying steel and wear occurs. The thinner transfer 

layers are formed in the middle of the wear track while thicker layers tend to 

develop at the reversal points. 
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Bearing material pins 

The surface topography of the worn thermoplastic at the end of the test (after 

160 h) is presented in Figure 41 (a). The surface has been clearly worn since the 

original machining marks are removed during the sliding test. Protruding regions 

are seen along the left and right edges. A close up of ROI 1 is presented in Figure 

41 (b) and show presence of wedge formation and larger flake-shaped wear 

particles, which indicate delamination wear of the thermoplastic. These wedges 

are also seen in the SEM micrograph in Figure 42 (a). No signs of abrasive wear 

grooves was observed in these regions. Adhesion of wear particles on to the 

polymer surface (Figure 42) was found on most part of the surface. The wear in 

polymers is typically a combination of adhesive and cohesive failures leading to 

material detachment. When the latter is prevailing, the interfacial bond between 

the polymer and the transfer layer is stronger than the cohesive strength of the 

polymer itself, as described by Hutchings [196]. 

 
Figure 41. Surface topography of: a) the thermoplastic after sliding for 160 hours 

against the stainless steel, objective: 10x, field of view: 2x, and b) the marked area 

corresponding to ROI 1 illustrating the wedge formations, objective: 10x, field of view: 

1x. The 3D optical surface profile in a) is consisting of several individual measurements 

that are stitched together with 25 % overlap. The sliding direction in the figures is 

parallel to the vertical axis. 

The formation of flake-shaped wear particles was more prominent along the left 

edge, which was in contact with the right side of the wear track shown in (Figure 

35 (b)). The localised protruding transfer patches on the stainless-steel surface is 

consistent with the shape and size of the delaminated wear debris from the 

thermoplastic surface. The increase in transfer layers formation after 100 hours 

suggests that the delamination process accelerated at this stage. Furthermore, 

complete delamination of these particles is present along the right and left edges 

of the worn surface (Figure 42 (a)). The delamination is occurring in protruding 

areas of the worn polymer surface as a result of higher local contact pressures at 
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the protruding areas that contributes to higher shear stresses within the polymer 

material eventually leading to delamination. 

Flake-like particles of pure PET has previously been found on the counter 

surface, non-uniformly distributed over the sliding area [193]. This is in agreement 

with the observations in this study, supporting the hypothesis regarding content of 

PET in the thermoplastic as proposed in Paper A. 

 
Figure 42. SEM micrographs of the marked areas in Figure 41 (a) corresponding to: 

a) ROI 2 illustrating wedge formation, and b) ROI 3 illustrating abrasive grooves. The 

sliding direction in the figures is parallel to the vertical axis. 

Abrasive wear features are also seen on the worn thermoplastic surface (Figure 

41 (a) and Figure 42 (b). Grooves caused by ploughing and cutting processes are 

concentrated to the middle of the polymer surface. This region is in contact with 

the stainless-steel wear track where there is lack of thick transfer layers (Figure 35 

(b)) and presence of deep grooves (Figure 32 (a)). The dominant abrasive wear 

mechanisms are a combination of micro-ploughing and micro-cutting and in some 

regions it is hard to distinguish which one that is prevailing. Overall, micro-

ploughing seems to be the dominant abrasive wear mechanism of the 

thermoplastic. The abrasive wear is mainly caused by the same features as 

described for the stainless-steel surface, i.e. wear debris from the steel surface and 

reinforcement particles from the polymer as well as the interaction with hard 

protruding asperities on the steel surface. 

The surface topography of the worn fabric-reinforced thermoset at the end of 

the test (after 160 h) is presented in Figure 43 (a). A close up of ROI 1 is presented 

in Figure 43 (b). It can clearly be seen that the polymer surface has been subjected 

to both abrasive and adhesive wear. The wear mechanisms are more clearly seen 

in the SEM micrograph in Figure 44 (a). Adhesive wear is the dominant wear 

mechanism in protruding regions and these are located close to the worn PTFE 

weft. The location of the PTFE weft was determined by EDS mapping as the area 

containing higher concentrations of fluorine (F). An explanation for the lower 

abrasive wear in these regions is that more transfer layers are formed and protect 

the polymer surface. The transfer layer formation is promoted by presence of the 

PTFE from the weft. However, regions that are subjected to more abrasive wear 
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grooves can also be found close to the PTFE weft as seen at higher magnification 

in Figure 44 (b). 

 
Figure 43. Surface topography of: a) the fabric-reinforced thermoset after sliding for 

160 hours against the stainless steel, objective: 10x, field of view: 2x, and b) the marked 

area corresponding to ROI 1, objective: 10x, field of view: 0.5x. The 3D optical surface 

profile in a) is consisting of several individual measurements that are stitched together 

with 25 % overlap. The sliding direction in the figures is parallel to the vertical axis. 

 
Figure 44. SEM micrographs of the fabric-reinforced thermoset after sliding for 160 

hours against the stainless-steel counter surface of: a) ROI 2 in Figure 43 illustrating 

various wear mechanisms, and b) ROI 3 in Figure 43 illustrating micro cracks. The 

sliding direction in the figures is parallel to the vertical axis. 

Two broad regions can be seen along the left and right edges of the polymer 

surface (Figure 43 (a)), protruding above the centre of the wear track. Limited 

abrasive wear grooves are found in these regions. The left edge is the most 

protruding part, which was in contact with the right side of the wear track shown 

in (Figure 36 (b)). The steel surface along the right side have more coverage by 

transfer layers than the rest of the wear track (except for the reversal points). 

Adhesive wear dominates in regions with more transfer layers, similar to the case 

of the thermoplastic. 
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Wedge formation in regions subjected to adhesive wear is also present for the 

fabric-reinforced thermoset as illustrated in Figure 44 (a). However, less in 

comparison to the thermoplastic and material delamination of the wedges is only 

noticeable in a few locations. This can explain the reduced presence of lumpy 

transfer consisting of flake-shaped wear particles observed on the counter surface 

after the test against the fabric-reinforced thermoset.  

Similar to the thermoplastic, the dominant abrasive wear mechanisms are a 

combination of micro-ploughing and micro-cutting. However, the fabric-

reinforced thermoset appears to be less subjected to micro-cutting which can be 

attributed to the fabric reinforcement which increases the hardness of the thermoset 

material (Table 1). 

Micro-cracks are also prevalent on the fabric-reinforced thermoset surface after 

sliding against the stainless steel (Figure 44 (b)). These can be found at several 

locations and differ in size but is concentrated in the middle region of the polymer 

surface. Crack propagation is more dominant in the sliding direction and initiates 

in the same direction as the rigid polyester fibre. When the shear stresses act along 

the fibre, less energy is required to propagate a crack along the rigid fibre direction. 

As seen in Figure 44 (b), micro-cracks are observed in between the PTFE wefts. 

An explanation for the crack-initiation is the varying E-moduli of the matrix 

components in the fabric-reinforced thermoset which will have a micro-scale 

stiffness variance. As the surface will be subjected to cyclic loading, the rigid 

polyester fibre will eventually promote micro cracking of the softer polymer bulk 

material. The micro-cracks results in detachment of the polymer matrix material 

and exposure of unprotected fibres, which can be peeled off during the sliding 

motion as the test continues. 

3.3 Effect of contact pressure and sliding speed 
In this section, the influence of contact pressure and sliding speed is presented 

for the thermoplastic and the fabric-reinforced thermoset sliding against stainless 

steel. More details can be found in Paper A for contact pressures between 9 to 28 

MPa and sliding speeds 10–40 mm/s. In paper C, the influence of higher contact 

pressures (26–80 MPa) is studied for the fabric-reinforced thermoset with larger 

polymer pins. 

Figure 45 shows the average coefficients of friction and Figure 46 the average 

specific wear rates obtained for the two bearing materials obtained under different 

operating conditions in Paper A. In general, the thermoplastic exhibits lower 

coefficient of friction compared to the fabric-reinforced thermoset. This is 

attributed to higher surface coverage by transfer layers and lower amount of 

abrasive wear on the steel surface after sliding against the thermoplastic material. 

The thermoplastic shows higher specific wear rates compared to the fabric-

reinforced thermoset.  



Chapter 3: Results and discussion 

85 

 
Figure 45. Average coefficients of friction for the different operating conditions 

(sliding speeds and pressures) obtained for: a) the thermoplastic and (b) the fibre-

reinforced thermoset. 

 
Figure 46. Average specific wear rates for the different operating conditions (sliding 

speeds and pressures) obtained for: a) the thermoplastic and (b) the fibre-reinforced 

thermoset. 

3.3.1 Effect of contact pressure 

In general, both materials show a decreasing coefficient of friction with 

increasing contact pressure and this trend was consistent for all tested sliding 

speeds (Figure 45). The fabric-reinforced thermoset experience a linear decrease 

of the coefficient of friction, while for the thermoplastic the decrease is greater at 

contact pressures between 9 to 19 MPa than between 19 to 28 MPa.   

A decrease in coefficient of friction with increased contact pressure has 

previously been reported for the thermoplastic at contact pressures between 45 and 

90 MPa and a maximum sliding speed of 5.4 mm/s [107]. Similar behaviour was 

also reported for the fabric-reinforced thermoset at high contact pressures (77 to 

143 MPa), but using a twin-disc setup with continuous sliding motion [130]. 

Decreasing coefficient of friction with increased contact pressure can be explained 

by two different mechanisms, increasing interfacial temperature and/or friction 

force that reaches a maximum as a result of Ar not increasing proportional with 
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normal load. For example, Rodriguez et al. [136] explained the increased surface 

temperature at higher pressures to lead to softening of the interface at the sliding 

contact and hence decreased shear strength of the interfacial surfaces. Van De 

Velde and De Baets [137] and Mahmud et al. [138] proposed that interaction of 

individual contact spots between the rough surfaces at high apparent contact 

pressures leads to a less than proportional increase of Ar with the normal load. The 

plastic deformation of the asperities will lead to a more or less constant contact 

area as the asperities cannot be further flattened when the pressure increases. This 

will lead to a decreased rate at which the frictional force increases with respect to 

the normal load, i.e. lower coefficient of friction. 

SEM micrographs of the wear tracks formed on the stainless-steel plates after 

sliding against the two material under different contact pressures revealed higher 

surface coverage by transfer layers at the lowest contact pressure (9 MPa) 

compared to the highest (28 MPa), as illustrated in Figure 47 for the thermoplastic.  

 
Figure 47. SEM micrographs of the worn steel surface with transfer layers after sliding 

against the thermoplastic at: a) 9 MPa and 40 mm/s and b) 28 MPa and 40 mm/s. The 

marked regions show regions for EDS spectra presented in Table 8 and Table 9. The 

sliding direction in figure is parallel to the vertical axis. 

Moreover, the transfer layers were more uniformly distributed at the lowest 

pressure, while they were more uneven and lumpy at the higher contact pressures. 

EDS analysis on the stainless-steel wear tracks revealed lower concentrations of 

elements from the solid lubricants (F and Si), after tests performed at lower contact 

pressures (Table 8) compared to higher (Table 9). It should be mentioned that some 

locations for the wear tracks contained as much as 14.4 wt.% F and 3.8 wt.% Si. 

Similar findings were observed while studying the transfer layers deposited in tests 

performed with the fabric-reinforced thermoset. Higher concentrations of solid 

lubricants at the sliding interface at higher contact pressures contributes to the 

lower coefficient of friction. EDS mapping of the worn fabric-reinforced thermoset 

pins revealed that the PTFE was smeared out over the surface in the sliding 

direction, resulting in improved lubrication as the solid lubricant covers a larger 

area and thus contributes to lower friction and less wear of the polymer pin.  
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Table 8. EDS spectra of the transfer layers on the worn stainless-steel surface after 

sliding against the thermoplastic at a contact pressure of 9 MPa and sliding speed 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 9. EDS spectra of the transfer layers on the worn stainless-steel surface after 

sliding against the thermoplastic at a contact pressure of 28 MPa and sliding speed 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  

 

The effect of contact pressure on the specific wear rate (Figure 46) differs from 

the one for the coefficient of friction. The thermoplastic shows the lowest wear 

over the entire span of contact pressures at the lowest sliding speed (10 mm/s). At 

the higher sliding speeds (25 and 40 mm/s), the wear rates decreases by almost 

half between 9 and 19 MPa while there is no significant change in wear rate as the 

contact pressure is increased from 19 to 28 MPa. The fabric-reinforced thermoset 

shows overall lower wear rates compared to the thermoplastic and this can be 

explained by the fabric-reinforcement in the material. The lower wear contributes 

to the lower amount of transfer layers observed on the stainless steel after sliding 

against the fabric-reinforced thermoset compared to the thermoplastic. At the 

lowest sliding speed, minimum wear of the fabric-reinforced thermoset is found at 

the lowest contact pressure. However, at the highest sliding speed the wear is 

highest at the lowest contact pressure and constant at the higher contact pressures. 

At the intermediate sliding speed, the wear is similar at the lowest and intermediate 

contact pressure and lowest at the highest pressure. This highlights that the 

influence of contact pressure is highly dependent on the sliding speed. 
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Both bearing materials show the highest wear at the lowest contact pressure and 

higher sliding speeds (25 and 40 mm/s). This is attributed to the lower amount of 

solid lubricants in the sliding interface at lower pressures and hence poorer 

lubrication. Higher sliding speed leads to higher contact temperature and 

consequently softening of the pin material. This causes more wear at low pressures 

when the lubrication is insufficient. 

Decreasing coefficient of friction, both average and maximum, with increased 

contact pressure was also seen for the fabric-reinforced thermoset at higher contact 

pressures between 26 to 80 MPa in Paper C (Figure 48 (a)). The decrease is 

significantly higher between the lowest (26 MPa) and the intermediate (53 MPa) 

contact pressures of 59 % and 55 % for the average and maximum coefficients of 

friction, respectively, in comparison to the difference between the intermediate and 

the highest (80 MPa) contact pressures of only 9 % and 8 %, respectively. This 

means that the friction reduction is not following a linear trend, which was seen 

for the contact pressures between 9 and 28 MPa. Instead, the friction reduction rate 

slows down and stabilizes somewhere between 26 and 53 MPa. A similar 

behaviour has previously been reported for PA6 sliding against steel at contact 

pressures between 20–96 MPa, where the decrease in friction with increased 

contact pressure was less pronounced at pressures above 55 MPa [137]. This was 

explained by the increase in shear strength of the polymer with higher pressure, 

which compensates for the less than proportional increase in Ar. 

The obtained mean and maximum coefficient of friction for the fabric-

reinforced thermoset at the lowest contact pressure of 26 MPa, with an average of 

0.067 ± 0.005 and 0.075 ± 0.005 respectively, are lower than the ones reported in 

previous studies at similar operating conditions [110], [111] as well as in Paper A 

and B. This is attributed to the size of the fabric-reinforced thermoset pins used in 

this study, which has a 20 times larger nominal contact area in comparison to 

previous studies. This gives a better representation of the thermoset material due 

to a proportionally higher content of solid lubricants. In addition, a larger nominal 

contact area is less sensitive to small misalignments and variations in surface 

topography of the samples. 

The average specific wear rates for the fabric-reinforced thermoset at nominal 

contact pressures between 26 and 80 MPa are presented in Figure 48 (b). In 

contrast to the coefficient of friction, the wear rate of the fabric-reinforced 

thermoset is not significantly influenced by changes in the contact pressure. It is 

interesting that despite the relatively stable wear rates the changes in coefficient of 

friction are more significant between the lowest and intermediate contact pressure. 

The obtained wear rate for the fabric-reinforced thermoset at the lowest contact 

pressure of 26 MPa, with an average of 1.27 ± 0.15 × 10-7 mm3/Nm, is significantly 

lower than the ones reported in Paper A and B as well as previous studies at similar 

operating conditions with an average between 3 × 10-7 to 2.9 × 10-6 mm3/Nm [110], 

[111]. This is mainly attributed to the larger pins used in Paper C. A larger sample 

means that there is a higher content of reinforcement in the material that strengthen 
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the material and support the load, which contributes to a higher wear resistance. 

This illustrates the importance of using larger polymer composite pin specimens 

studying the tribological behaviour. 

 
Figure 48. Variation of: a) the average of the mean and maximum coefficients of 

friction as a function of nominal contact pressure for the fabric-reinforced thermoset and 

b) the average specific wear rate calculated between 80 h and the end of the test as a 

function of nominal contact pressure for the fabric-reinforced thermoset. Note that the 

standard deviation bars are missing for the reciprocating sliding tests at 80 MPa due to 

interruption during the repetitive test. 

In order to investigate the creep behaviour of the fabric-reinforced thermoset, 

static load tests were carried out for the same test duration as the reciprocating 

sliding tests. The average height reduction of the thermoset pin during static 

loading compared to reciprocating sliding at different nominal contact pressures is 

shown in Figure 49. The height reduction during static loading tests increases 

linearly with increasing contact pressure. The height reduction from creep and 

compressive deformation constitutes a large part (35 to 59 %) of the total height 

reduction during reciprocating sliding tests, especially at the lower contact 

pressures. 
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Figure 49. Average height reduction of the fabric-reinforced thermoset pin during 

static loading respectively reciprocating sliding tests at different nominal contact 

pressures. Note that the standard deviation bars are missing for the reciprocating sliding 

tests at 80 MPa due to interruption during the repetitive test. 

3.3.2 Effect of sliding speed 

For the fabric-reinforced thermoset, changes in sliding speed have limited effect 

on the coefficient of friction irrespective of the contact pressures applied (Figure 

45 (b)). This also applies to the thermoplastic at higher contact pressures (Figure 

45 (a)). However, at the lowest contact pressure (9 MPa), the coefficient of friction 

is increasing with sliding speed. This is attributed to the low concentration of solid 

lubricants at the sliding interface at low contact pressures as previously discussed. 

It has been reported that the influence of sliding speed on friction is more 

significant than that of contact pressure for thermoplastic polymers [131], [151]. 

The higher the sliding speed, the higher is the resulting contact temperature, and 

as it reaches the softening point of the polymer, the accompanying increase in 

adhesion leads to higher friction [131]. Thermoplastics soften appreciably or even 

melt at a characteristic temperature in contrast to thermosets, which are cross-

linked and do not melt easily at the same temperatures [80]. Hence, the contact 

temperature is a key factor influencing the performance of bearings made of 

thermoplastic materials [145]–[150].  

In general, both bearing materials showed a trend of increasing wear rate with 

increased sliding speed, regardless of the contact pressure (Figure 46). For the 

fabric-reinforced thermoset the increase in wear rate with sliding speed is linear 

for lower contact pressures (9 and 19 MPa) while at the highest pressure (28 MPa), 

the increase is insignificant between 10 to 25 mm/s though the wear rate is higher 

at 40 mm/s. At the lowest contact pressure (9 MPa), the thermoplastic shows 

double as high wear rate when the sliding speed is increased from 10 to 25 mm/s, 

while there is no further increase between 25 and 40 mm/s. For higher contact 
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pressures (19 and 28 MPa), the increase in wear rate with increased sliding speed 

follows a linear trend in general. 

Increase in wear rate with increased sliding speed is also related to thermal 

softening of the polymers, which lead to higher plastic deformation under lower 

contact pressures. The increase in coefficient of friction and wear rate is due to the 

rise in surface temperature to the point where it reaches the softening point of the 

polymer [131]. Such increase in wear rate with increased sliding speed has been 

reported for fibre-reinforced composites [144]. 

In Figure 50, SEM micrographs of the worn fabric-reinforced thermoset pins 

are presented after sliding against stainless steel at the lowest and highest sliding 

speed and the lowest contact pressure. The wear is more severe at the highest 

sliding speed, with more regions subjected to material delamination. Surface 

topography measurements of the worn polymer pins also revealed formation of 

deeper valleys between the PTFE weft at higher sliding speed. This is consistent 

with the higher wear rates observed at higher sliding speeds. 

A representative SEM micrograph of a worn region on the fabric-reinforced 

thermoset surface showing material delamination is presented in Figure 51 (a). 

Clear signs of fibre debonding from the polymer matrix can be seen in these 

regions. Furthermore, micro cracks are prevalent on the surface (Figure 51 (b)) 

which will lead to delamination of material and exposure of unprotected fibres that 

can be peeled off by shear during the sliding motion.  

 
Figure 50. SEM micrographs of the worn fabric-reinforced thermoset pins after sliding 

against the stainless steel at: a) 9 MPa and 10 mm/s and b) 9 MPa and 40 mm/s. The 

sliding direction in figure is parallel to the vertical axis. Polymer pins have been sputtered 

with a thin layer of gold, 15.4 ± 0.7 nm in depth. 

The worn surface topography of the thermoplastic pins at the lowest and highest 

sliding speed and the lowest contact pressure, is presented in Figure 52. At the 

lowest sliding speed, two broad grooves are formed in the sliding direction, 
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indicating that these regions experienced higher wear than the rest of the surface 

(Figure 52 (a)). Furthermore, on the sides of these valleys protruding regions are 

seen, which indicates accumulation of adhered material on the surface. This is 

explained by a mechanism where a part of the material removed from the wide 

grooves have been displaced up to the sides and adhered to the surrounding 

regions. This can also be seen in Figure 53, showing the surface of an unsputtered 

polymer pin at higher magnification. In the SEM micrograph, traces of micro-

ploughing is clearly visible alongside with nascent polymer surface and worn 

surface containing nano-particles of steel debris. Thus, the surface is exposed to 

an evolving process during the reciprocating sliding, where part of worn surface is 

removed due to micro-ploughing and new fresh surface forms. 

 
Figure 51. SEM micrographs of worn fabric-reinforced thermoset pin (unsputtered) 

after sliding against the stainless steel at 9 MPa and 10 mm/s illustrating: a) overview of 

the worn surface and b) higher magnification of the area indicated in figure (a). The 

sliding direction in figure is parallel to the vertical axis. 

 
Figure 52. Surface topography of the worn thermoplastic pins after sliding against the 

stainless steel at: a) 9 MPa and 10 mm/s and b) 9 MPa and 40 mm/s. The sliding direction 

in figure is parallel to the vertical axis. Polymer pins have been sputtered with a thin layer 

of gold, 14.1 ± 0.4 nm in depth. Objective: 10x, field of view: 0.5x. The 3D optical surface 

profiles are consisting of several individual measurements that are stitched together with 

25 % overlap. 
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Figure 53. SEM micrograph of unsputtered thermoplastic pin surface at high 

magnification after sliding against stainless steel at a contact pressure of 9 MPa and 

sliding speed of 10 mm/s.  The sliding direction in the figure is parallel to the vertical 

axis. 

At the same contact pressure (9 MPa) but the highest sliding speed (40 mm/s), 

wear is more homogeneous, except for smaller regions in the middle which are 

subjected to more severe wear (Figure 52 (b)). The material becomes softer when 

the sliding speed, and hence temperature in the contact, is increased and this results 

in higher wear. 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 coefficient of friction and wear rate than observed at the 

lowest sliding speed. 

3.4 Effect of counter surface roughness and lay 
An important question that arises is whether the tribological performance can 

be improved by optimizing the counter surface topography. Today, the bearing 

counter surface in the turbines have parallel lay to the sliding direction and are 

usually polished to obtain a surface roughness of Ra ≤ 0.4 µm. Based on 

discussions with the hydropower industry in Sweden, there is a believe that 

smoother counter surfaces are more beneficial from a tribological point of view 

when using polymer composite bearing. The counter surfaces have an expected 

service life of at least 40 years and are not replaced at regular maintenance intervals 

like the bearings. 
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This section describes the influence of counter surface roughness and lay on the 

tribological behaviour of three bearing materials, namely fibre-reinforced 

thermoset, fabric-reinforced thermoset and the thermoplastic. The section is 

divided into two parts where the first is for surfaces with isotropic lay and low 

surface roughness Sa=0.006–0.3 µm and the second part is for surfaces with 

oriented lay (parallel and perpendicular to the sliding direction) and higher surface 

roughness Sa=0.3–1.1 µm. More details can be found in Paper D. 

3.4.1 Ground surfaces with isotropic lay 

The average friction coefficients and specific wear rates as a function of counter 

surface roughness for the bearing materials sliding against ground and polished 

stainless-steel plates with isotropic surface lay are presented in Figure 54. The 

average coefficients of friction (Figure 54 (a)) show good repeatability with 

standard deviations of maximum 10 %, except for the fibre-reinforced thermoset 

at the lowest and highest surface roughness having standard deviations up to 16 

%. The higher deviation is explained by random presence of larger pores and 

impurities between the different pin specimens. 

The friction levels at the lowest initial counter surface roughness (Sa=0.006 µm) 

are similar between the three bearing materials (Figure 54 (a)) and decreasing with 

increasing roughness. The friction is also similar between the thermoset materials 

at the intermediate and highest initial counter surface roughness while the 

thermoplastic shows the highest friction. The reduction in friction between the 

smoothest (Sa=0.006 µm) and the roughest counter surface (Sa=0.3 µm), is highest 

for the fibre-reinforced thermoset (88 %) and lowest for the thermoplastic (44 %). 

 
Figure 54. Variation of the average: a) coefficient of friction and b) specific wear rate 

as a function of counter surface roughness for the tested bearing materials sliding against 

ground stainless-steel plates with isotropic surface lay. TS=thermoset, I=isotropic surface 

lay. 

Lower coefficient of friction for rougher counter surfaces has been reported for 

elastomers [123] and engineering thermoplastics [64] sliding against steel with 

surface finish of Ra 0.15–0.7 µm. This was attributed to a decreased influence of 
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adhesion on friction with increased counter surface roughness [64]. Reduction in 

friction sliding against rougher counter surfaces compared to smoother has also 

been reported for PPS composites sliding against Inconel 625 [124] and various 

conventional polymer composite materials sliding against grey cast iron [44]. This 

was explained by a higher number of contact spots for the smoother surface, which 

contributes to a higher shear traction (i.e. adhesion) needed to slide against the 

polymer surface [44]. 

Surface analysis of the worn stainless-steel plates revealed that at the lowest 

initial roughness (Sa=0.006 µm), the steel surface had been subjected to abrasive 

wear after sliding against all three bearing materials. The smooth stainless-steel 

surface is significantly less worn after sliding against the thermoplastic (Figure 55 

(a)) compared to the thermoset materials (Figure 55 (c)). This is mainly attributed 

to the abrasive action by the reinforcement fibres in the two thermosets, as seen 

previously for fibre- or fabric-reinforced polymer composites [92], [124], [127] as 

well as in Papers A–C. When the initial surface roughness increases, less abrasive 

wear on the stainless-steel surface occurs for all bearing materials (Figure 55 (b) 

and (d)). Hence, the decreasing coefficient of friction with increased initial counter 

surface roughness can be partly explained by a decreasing ploughing into the 

stainless steel in addition to the previously discussed decreased adhesion. 

The decreased wear of the stainless-steel surface is partially attributed to the 

increased amount of protective transfer layers between the lowest and the highest 

initial roughness, as seen in Figure 55. Higher amount of transfer layers leads to a 

higher concentration of solid lubricants at the sliding interface, which contributes 

to friction reduction. The transfer layers are also protecting the contacting surfaces 

from abrasive wear by covering sharp asperities. At the intermediate surface 

roughness, the surface coverage by transfer layers on the steel surface is reduced 

after sliding against all bearing materials compared to the lowest roughness. This 

indicates that it is a critical surface roughness for formation of transfer layers. 
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Figure 55. SEM micrographs of the transfer layers formed on the worn stainless-steel 

surface closer to the centre of the wear track. After sliding against the fabric-reinforced 

thermoset with initial surface roughness Sa of: a) 0.006 µm and b) 0.3 µm. After sliding 

against the thermoplastic with initial surface roughness Sa of: c) 0.006 µm and d) 0.3 µm. 

I=isotropic surface lay. The sliding direction in the figures is parallel to the vertical axis. 

Surface analysis of the worn stainless-steel surface revealed that abrasive wear 

is the dominant wear mechanism. The dominant micro-mechanism is micro-

ploughing and subsequent micro-fatigue (Figure 56). This is partially caused by 

the reinforcement fibres, fillers and impurities in the thermosets, which are harder 

than the polymer matrix. Steel wear debris generated during the wear process 

(Figure 56 (a) and (c)) also contribute to the abrasive wear. These wear debris will 

accumulate in the transfer layers as well as adhere to the polymer surface and thus 

accelerate the abrasive wear of the stainless-steel surface and also contribute to 

increased friction as a result of increased ploughing component of friction. In 

Figure 56 (b) abrasive grooves are shown, which are initiated by a combination of 

micro-cutting and micro-ploughing caused by the abrasive reinforcement fibres 

protruding the polymer surface. The sidewalls of the grooves are thin and hence 

the local contact pressures at these points will be relatively high, which leads to 

plastic deformation of the walls. The reinforcement fibres will be worn down and 

become blunt over time, changing the wear mechanism to micro-ploughing, as 

seen in Figure 56 (b). 
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Figure 56. SEM micrographs of the worn stainless-steel surfaces with isotropic lay 

illustrating the dominant wear mechanisms. After sliding against the fibre-reinforced 

thermoset with initial steel surface roughness Sa of: a) 0.08 µm, closer to the middle of the 

wear track. After sliding against the fibre-reinforced thermoset with initial steel surface 

roughness Sa=0.006 µm: b) closer to the reversal point, and c) closer to the middle of the 

wear track. After sliding against the thermoplastic with initial steel surface roughness Sa 

of: f) 0.006 µm, closer to the middle of the wear track. The sliding direction in the figures 

is parallel to the vertical axis. 

Micro-ploughing is also prevalent for the stainless-steel surface after sliding 

against the thermoplastic (Figure 56 (d)). However, the dominant wear mechanism 

is mild polishing and/or abrasive wear. In Paper A it was shown that the 

thermoplastic contains nano-sized reinforcement particles. These particles 

together with the work hardened and oxidized steel wear debris will initiate the 

abrasive wear of the stainless-steel surface, which will then increase over time due 

to the high number of stress cycles. 

The effect of initial counter surface roughness on the specific wear rate of the 

bearing materials varies, see Figure 54 (b). Similar to the coefficient of friction, 

the specific wear rates at the lowest (Sa=0.006 µm) and highest (Sa=0.3 µm) initial 

counter surface roughness are similar between the thermoset materials. However, 

at the intermediate initial counter surface roughness (Sa=0.08 µm), the specific 

wear rate is the lowest for the fibre-reinforced thermoset while it is highest for the 

fabric-reinforced thermoset. The specific wear rate is more than 50 % higher for 
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the fabric-reinforced thermoset compared to the fibre-reinforced thermoset at the 

intermediate surface roughness, despite showing similar coefficients of friction. 

For the fibre-reinforced thermoset, the specific wear rate show a decrease 

between the lowest and the intermediate surface roughness followed by a smaller 

increase between the intermediate and the highest surface roughness. This 

indicates a transition in wear mechanisms. 

The fabric-reinforced thermoset show an opposite behaviour compared to the 

fibre-reinforced thermoset with an initial increase in specific wear rate between 

the lowest and the intermediate surface roughness followed by a higher decrease 

between the intermediate and the highest roughness.  

In case of the thermoplastic, the specific wear rate increases with increased 

surface roughness. Similar behaviour has been reported in [64] for most of the 

tested engineering thermoplastics sliding against steel. However, there is lack of 

general explanations for this behaviour. An opposite behaviour is also seen for the 

specific wear rate compared to the coefficient of friction. Hence, the influence of 

surface roughness is a trade-off between low friction and wear for the 

thermoplastic material. 

Surface analysis of the worn polymer pins using 3D optical interferometry and 

SEM revealed that all three bearing materials are subjected to a high degree of 

material delamination. Delamination wear is the dominant wear mechanism of the 

thermoset materials irrespective of initial counter surface roughness and of the 

thermoplastic at lower initial roughness towards the middle of the pin. The degree 

of material delamination is decreasing with increased initial counter surface 

roughness for the two thermoset materials. A similar behaviour is seen for the 

thermoplastic between the intermediate and highest roughness. This behaviour is 

attributed to the decreasing coefficient of friction with increased initial counter 

surface roughness leading to reduced shear stresses acting on the polymer surface 

and hence less material delamination. 

The thermoset materials have more areas where larger fragments are 

delaminated from the surface compared to the thermoplastic, especially at lower 

initial counter surface roughness (Figure 57). This is attributed to the varying E-

moduli of the matrix components in the two thermoset materials, i.e. softer bulk 

material, rigid fibres, CaCO3 and MoS2 fillers, which will cause micro-scale 

stiffness variances. The larger pores and higher volume fraction of pores in the two 

thermoset materials is another contributor to the higher degree of material 

delamination compared to the thermoplastic. The larger pores create weak points 

in the materials due to lack of support from the polymer matrix during cyclic 

loading and shearing.  

The protruding regions seen in the surface topography of the worn fabric-

reinforced thermoset pins (Figure 57 (a) and (b)) corresponds to locations of the 

PTFE weft. These regions are less worn compared to the regions in-between the 

PTFE weft due to higher availability of solid lubricants. In these regions, the 

dominant wear mechanism is delamination wear. 
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Figure 57. Surface topography of the load carrying surface of the worn polymer pins 

after sliding against stainless-steel surfaces with isotropic lay and initial surface 

roughness Sa of: a) 0.006 µm (fabric-reinforced thermoset), b) 0.3 µm (fabric-reinforced 

thermoset), c) 0.006 µm (thermoplastic), d) 0.3 µm (thermoplastic). Objective: 10x, field 

of view: 1x. I=isotropic surface lay. The sliding direction in the figures is parallel to the 

vertical axis. 

Abrasive wear is also present on the thermoset materials. Both micro-cutting 

and micro-ploughing are active, but the latter is more dominant. The amount of 

abrasive wear is increasing with increased initial counter surface roughness and 

especially between the intermediate and highest surface roughness. This is 

attributed to higher wear of the softer polymer by the larger asperities on the harder 

steel surface. At low initial counter surface roughness, the abrasive wear is mainly 

caused by work hardened and oxidized stainless-steel wear debris, worn 

reinforcement and filler debris as well as impurities that are adhered to the transfer 

layers.  

The initial machining marks on the worn thermoplastic surface are still visible 

after sliding against stainless steel with low initial surface roughness Sa=0.006 µm 

and 0.08 µm (Figure 57 (c)) but these are completely worn away after sliding 

against the steel with highest initial counter surface roughness (Sa=0.3 µm), as seen 
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in Figure 57 (d). This correlates with the measured specific wear rates (Figure 54 

(b)). The lower wear of the thermoplastic at low initial counter surface roughness 

contributes to lower amount of available wear debris that can form transfer layers 

on the steel surface and also lower amount of friction reducing solid lubricants at 

the sliding interface. This explains the higher coefficient of friction for the 

thermoplastic at low initial counter surface roughness (Sa=0.006 µm and 0.08 µm) 

compared to the highest (Sa=0.3 µm). 

The thermoplastic surfaces are significantly less worn after sliding against the 

counter surfaces with low initial surface roughness (Sa=0.006 µm and 0.08 µm) in 

comparison to the thermoset materials, especially at the lowest surface roughness 

(Figure 57). This is in agreement with the lower specific wear rates of the 

thermoplastic compared to the thermoset materials at the corresponding initial 

surface roughness. This behaviour is attributed to two main mechanisms. The first 

is the higher wear of the stainless-steel surface after sliding against the thermoset 

materials compared to the thermoplastic at low initial counter surface roughness. 

This will generate a higher amount of steel debris that will contribute to more 

abrasive wear of both sliding surfaces. The second mechanism is the delamination 

wear of the thermoset materials containing reinforcement fibres, rigid fillers and 

impurities. Wear debris with these more rigid components will be trapped between 

the sliding surfaces causing abrasive wear of both surfaces or attach to one of the 

sliding surfaces and cause wear of the other. In both mechanisms, generation of 

hard wear debris will contribute to a higher material removal rate from the 

surfaces. 

Protruding regions are seen in the surface topography of the worn thermoplastic 

pins (Figure 57 (c) and (d)). The majority of these regions corresponds to locations 

where thicker transfer layers are seen on the worn stainless-steel surface. 

Delamination wear is the dominant wear mechanism in these regions. This is 

attributed to less interaction with the abrasive asperities on the steel surface due to 

protective transfer layers. Combined with higher local contact pressures at the 

protruding regions that contributes to higher shear stresses within the material and 

eventually leading to material delamination. 

The thermoplastic is subjected to a higher degree of abrasive wear compared to 

the thermoset materials. The amount of abrasive wear is increasing with increased 

initial counter surface roughness and after sliding against the roughest counter 

surface both delamination wear and abrasive wear are dominant mechanisms in 

different regions. Abrasive wear is more dominant in the valleys and delamination 

wear at the protruding regions. 

3.4.2 Ground surfaces with oriented lay 

The average friction coefficients and specific wear rates as a function of counter 

surface roughness and lay are presented in Figure 58 for the three bearing materials 

sliding against ground stainless-steel plates with parallel respectively 

perpendicular surface lay.  
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Comparing the coefficients of friction for the parallel and perpendicular lay 

(Sa=0.3 µm) in Figure 58 (a) with the ones for the corresponding surface roughness 

and isotropic lay (Figure 54 (a)), the thermoset materials show an increase in 

friction for parallel and perpendicular lay. The fibre-reinforced thermoset shows 

39 % higher coefficient of friction for the parallel lay and 49 % higher for the 

perpendicular lay compared to isotropic lay. The fabric-reinforced thermoset 

shows similar behaviour with 46 % increase for parallel lay and 57 % for the 

perpendicular. In contrast to the thermosets, the thermoplastic shows lower friction 

for the parallel and perpendicular lay with a decrease of 6 % and 11 %, 

respectively. 

The wear rates follow the same trend as the friction for the fabric-reinforced 

thermoset when comparing parallel and perpendicular to isotropic lay at Sa=0.3 

µm  (Figure 58 (b) and Figure 54 (b)). The wear is 71 % higher for the parallel lay 

and 76 % for the perpendicular compared to the isotropic lay. For the 

thermoplastic, wear is 64 % higher for the perpendicular lay but 36 % lower for 

the parallel lay compared to isotropic. For the fibre-reinforced thermoset, the 

specific wear rates are similar for the parallel and isotropic lay, while it is 18 % 

lower for the perpendicular lay compared to the isotropic. 

 
Figure 58. Variation of the average: a) coefficient of friction and b) specific wear rate 

as a function of counter surface roughness and lay for the tested bearing materials. 

TS=thermoset, ∥=parallel and ⊥=perpendicular surface lay to the sliding direction. 

The effect of surface lay on friction and wear depends on the surface roughness 

level.  At the lowest initial counter surface roughness (Sa=0.3 µm), the obtained 

coefficients of friction for each bearing material are similar between the parallel 

and perpendicular surface lay (Figure 58 (a)). Hence, the influence of lay is small 

(below 8 % difference) on the coefficient of friction at the lowest initial counter 

surface roughness. At the lowest surface roughness irrespective of lay orientation, 

the thermoplastic show the lowest friction and the fabric-reinforced thermoset the 

highest. For surface roughness Sa 0.7 and 1.1 µm, the coefficient of friction is 

lower for the perpendicular lay compared to parallel lay for all bearing materials. 



Chapter 3: Results and discussion 

102 

Similar to the friction, the influence of counter surface lay is also small on the 

specific wear rate (Figure 58 (b)) for the fabric-reinforced thermoset at the lowest 

initial counter surface roughness (3 %). The surface lay shows more influence on 

specific wear rate for the fibre-reinforced thermoset with a 16 % difference for the 

perpendicular lay compared to the parallel lay. The specific wear rate is more than 

double (123 % higher) for the thermoplastic sliding against a perpendicular lay 

compared to the parallel lay, despite showing similar coefficients of friction. With 

parallel lay, the specific wear rate is the lowest for the thermoplastic and highest 

for the fabric-reinforced thermoset. For the perpendicular lay, the specific wear 

rate is the lowest for the fibre-reinforced thermoset and highest for the 

thermoplastic. 

When the initial surface roughness increases, the influence on friction and wear 

is more pronounced between the different bearing materials as well as depending 

on the counter surface lay. For comparison, the effect of initial counter surface 

roughness and lay on friction and wear is illustrated as normalized average 

coefficients of friction and specific wear rates for each bearing material (Figure 

59). It is clear that the changes in initial counter surface topography have a bigger 

influence on wear than friction for the three bearing materials. For the reinforced 

thermosets, the parallel lay shows the opposite behaviour for friction and wear. 

I.e., there is a trade-off between friction and wear when optimising surface 

topography. Similar behaviour is also seen for the thermoplastic, however, only 

for perpendicular lay. 

 
Figure 59. Normalized average coefficients of friction and specific wear rates as a 

function of counter surface roughness and orientation for: a) the fibre-reinforced 

thermoset, b) the fabric-reinforced thermoset and c) the thermoplastic. ∥=parallel and 

⊥=perpendicular surface lay to the sliding direction. 

Zsidai et al. [64] and Quaglini et al. [126] proposed that there exist an optimal 

counter surface roughness for any polymer, where minimum friction can be 

obtained. This should reasonably also apply for wear. However, due to the trade-

off between friction and wear as mentioned above, the optimal counter surface 

roughness for a bearing material can differ for minimum friction and minimum 

wear. This is the case for the fabric-reinforced thermoset for which the lowest 

friction is obtained after sliding against parallel lay and lowest initial counter 
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surface roughness Sa=0.3 µm (Figure 59 (b)) while the lowest specific wear rate is 

obtained for the same lay but intermediate initial counter surface roughness Sa=0.7 

µm. A parallel lay and Sa=0.7 µm appears to be optimal for the tribological 

performance. For the fibre-reinforced thermoset, the lowest friction and specific 

wear rate is obtained after sliding against perpendicular lay and intermediate initial 

counter surface roughness Sa=0.7 µm (Figure 59 (a)). This is the same initial 

surface roughness as for the fabric-reinforced thermoset but opposite counter 

surface lay. For the thermoplastic, the optimal counter surface roughness is Sa=0.3 

µm and parallel lay (Figure 59 (c)). 

For an initial counter surface roughness Sa=0.3 µm, the thermoset materials 

benefit from the isotropic lay with respect to both friction and wear, while for the 

thermoplastic, a parallel counter surface lay improves the tribological 

performance. Contrary, for the highest surface roughness (Sa=1.1 µm) a 

perpendicular lay is better for the thermoplastic and the fabric-reinforced 

thermoset while parallel is better for the fibre-reinforced thermoset. 

Surface analysis of the worn stainless-steel revealed that the steel surfaces with 

the lowest initial roughness (Sa=0.3 µm) were subjected to abrasive wear after 

sliding against the thermoset materials (Figure 60 (a) and (b)), irrespective of lay. 

EDS analysis of the contact surface of the worn polymer pins showed Fe 

concentrations between 2.6–10.8 wt.% for the thermoset materials. This means 

that steel wear debris is adhered to the polymer surface and can therefore act 

abrasive towards the transfer layers and the steel surface and hence cause a higher 

wear of the steel surface in a synergetic effect. Compared to the isotropic lay with 

the same initial surface roughness, the stainless-steel surfaces with oriented lays 

are more worn. This contributes to the higher coefficient of friction for the oriented 

lays compared to the isotropic. The steel had been subjected to significantly less 

wear after sliding against the thermoplastic, especially for the parallel lay. This is 

attributed to a higher surface coverage by transfer layers compared to the 

thermosets. The lower wear of the steel surface and higher amount of transfer 

layers explains the lower friction seen for the thermoplastic compared to the other 

materials at the lowest roughness. 

The stainless-steel with intermediate initial counter surface roughness (Sa=0.7 

µm) are less worn compared to the lowest roughness for the parallel lay after 

sliding against the thermoset materials, as illustrated for the fibre-reinforced 

thermoset in Figure 60 (c) and (d). This is an important finding for the hydropower 

applications since abrasive wear of the bearing counter surfaces can become 

detrimental for the tribological performance of the bearings and give rise to higher 

local contact pressures and accelerated wear of the bearings. Findings in Paper B 

showed that the abrasive grooves on the steel grow over time in both width and 

depth when sliding against the fabric-reinforced thermoset. This leads to lower 

surface coverage by transfer layers and increased maximum friction. Since the 

counter surfaces in hydropower applications have an intended service life of at 

least 40 years abrasive wear of these should be avoided. Therefore, a higher initial 
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surface roughness is more beneficial for operation with reinforced thermoset 

bearing materials in order to reduce wear of the steel surface. At lower initial 

surface roughness, the thermoplastic is a better selection in order to reduce counter 

surface wear. 

 
Figure 60. Surface topography of the ground stainless-steel plates with surface lay 

parallel to the sliding direction: a) with Sa=0.3 µm before test and b) after test, c) with 

Sa=0.7 µm before test and d) after test. Objective: 10x, field of view: 0.5x. ∥=parallel and 

⊥=perpendicular surface lay to the sliding direction. The sliding direction in the figures is 

parallel to the vertical axis. 

Similar to the isotropic lay, abrasive wear is the dominant wear mechanism of 

the stainless-steel with oriented lay after sliding against the three bearing materials 

with similar micro-mechanisms previously described. 

Another finding, which was seen for all bearing materials was that the steel 

surfaces with perpendicular lay at the higher initial surface roughness (Sa=0.7 and 

1.1 µm) resulted in a higher surface coverage by more coherent and thicker transfer 

layers (Figure 61 (c) and (d)) compared to the parallel lay (Figure 61 (a) and (b)). 

This contributes to the lower coefficient of friction for the perpendicular lay 

compared to the parallel (Figure 58 (a)). These results are in line with earlier 
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reported findings for PPS composites sliding against Inconel 625 [124] and 

UHMWPE sliding against stainless steel [128]. 

At the lowest initial surface roughness (Sa=0.3 µm), the dominant wear 

mechanism, at the end of the test, is delamination wear for all three bearing 

materials, as illustrated for the thermoplastic in Figure 62 (a) and (c). However, 

abrasive wear is also prevalent for both lays caused by micro-ploughing and micro-

cutting, where the former is more frequently observed. The abrasive wear of the 

bearing materials is caused by the same mechanisms as for the isotropic lay, i.e. 

hard asperities on the steel surface in combination with steel wear debris, 

reinforcement fibres and particles as well as impurities adhered to the transfer 

layers on the steel surface. 

 
Figure 61. SEM micrographs of the transfer layers formed on the ground stainless 

steel closer to the centre of the wear track after sliding against the thermoplastic. The 

initial surface roughness and lay is: a) Sa=0.7 µm ∥, b) Sa=1.1 µm ∥, c) Sa=0.7 µm ⊥, and 

d) Sa=1.1 µm ⊥. ∥=parallel and ⊥=perpendicular surface lay to the sliding direction. The 

sliding direction in the figures is parallel to the vertical axis. 

When the initial surface roughness increases from the lowest to the intermediate 

(Sa=0.7 µm) for the surfaces with parallel lay, the dominant wear mechanism, at 

the end of the test, changes from delamination wear to abrasive wear for all three 

bearing materials. This is illustrated in Figure 62 for the thermoplastic material. 

This is attributed to formation of patchy transfer layers on the steel surface with 
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low surface coverage, which is insufficient to protect the polymer surface from the 

hard asperities on the steel surface. The degree of abrasive wear increases with 

increased counter surface roughness while the degree of delamination wear 

decreases for all bearing materials. However, delamination wear is also occurring 

in regions that are subjected to abrasive wear. The abrasive grooves on the polymer 

surface are subjected to high cyclic stresses which lead to propagation of micro 

cracks and eventually detachment of fragments from the polymer surface due to 

fatigue, which is visible in Figure 62 (d). The worn bearing pins shows a mirrored 

topography of the steel surface after sliding against the steel surface with parallel 

lay at the intermediate and highest surface roughness (Sa=0.7 and 1.1 µm). This is 

attributed to abrasive wear caused by the hard asperities on the steel surface due to 

low surface coverage by transfer layers and hence poor protection of the polymer 

surface from the asperities on the steel surface. Micro-ploughing is the dominant 

abrasive wear mechanism of the tested bearing materials at the end of the test. 

 
Figure 62. Surface topography of the worn thermoplastic pins after sliding against 

stainless-steel plates with parallel lay and initial surface roughness Sa of: a) 0.3 µm and 

b) 0.7 µm. SEM micrographs of the marked regions in figure (a) and (b) corresponding 

to: c) ROI 1 and d) ROI 2. The sliding direction in the figures is parallel to the vertical 

axis. 

In contrast to the parallel lay, delamination wear is the dominant wear 

mechanism, at the end of the test, for the thermoset bearing materials after sliding 
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against the steel surface with perpendicular lay at higher initial surface roughness 

(Sa=0.7 and 1.1 µm), with abrasive wear only limited to some regions. This shows 

that the transfer layers on the steel surface form fast enough, due to high initial 

wear rate, and are thick enough to protect the polymer surface from the hard 

asperities on the steel surface. The thermoplastic is subjected to a combination of 

abrasive wear and delamination wear at the higher surface roughness and 

perpendicular lay. 

3.5 Effect of sliding amplitude  
This section deals with the influence of sliding amplitude (stroke length) on the 

tribological performance, and its governing mechanisms, of the fabric-reinforced 

thermoset and the thermoplastic during dry sliding against stainless steel at high 

contact pressure (40 MPa) and long accumulated sliding distance (4.4 km). More 

details about this study can be found in Paper E. 

The average mean and maximum coefficients of friction at different stroke 

lengths are shown in Figure 63. A clear difference in mean and maximum friction 

level is seen between the two self-lubricating materials at the shortest (4.5 mm) 

and the longest stroke length (22.5 mm) but at the intermediate stroke length of 9 

mm, friction is similar between the two materials. The fabric-reinforced thermoset 

shows an increasing friction with increasing stroke length whereas the 

thermoplastic displays its lowest friction at the intermediate stroke length. At the 

lowest stroke length of 4.5 mm, the friction of the fabric-reinforced thermoset is 

lower than that of the thermoplastic. The opposite behaviour is found at the longest 

stroke length of 22.5 mm. 

 
Figure 63. Average mean and maximum coefficients of friction as a function of stroke 

length for: a) the fabric-reinforced thermoset and b) the thermoplastic bearing material. 

The error bars show the standard deviation calculated for two repeat tests. 

The fabric-reinforced thermoset shows the most significant change in friction 

between the intermediate and the longest stroke length with a 74 % increase in 

average friction and 63 % in maximum friction. This shows that the fabric-
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reinforced thermoset benefits from a stroke length that is shorter than the length of 

the bearing test specimen, i.e., the counter surface wear track is never fully exposed 

during sliding. The thermoplastic is less influenced by the stroke length and show 

the highest difference between the lowest and the intermediate stroke length with 

a 22 % decrease in average friction and 30 % in maximum friction. 

A higher coefficient of friction with increased angular displacement, as seen for 

the fabric-reinforced, has previously been reported for other fabric-reinforced 

bearing materials oscillating against steel at high contact pressures [139], [140]. 

Higher coefficient of friction with increased stroke length was also observed for 

pure PTFE and three PTFE composites sliding against 316 stainless at low sliding 

speed of 15 mm/s [142]. However, no explanations for the increased coefficient of 

friction were presented in these studies. 

Figure 64 shows the friction as a function of time for the entire test duration for 

the two bearing materials at the shortest and the longest stroke lengths. The 

enveloping curves indicates the scatter between repeat tests. It should be noted that 

the friction behaviour of the fabric-reinforced thermoset at 4.5 and 9 mm stroke 

lengths are similar with an initial decrease followed by a slowly but continuously 

increasing friction (Figure 64 (a)). The friction behaviour is also more stable at the 

end of the test as seen from the reduced scatter with increasing test duration. At 

22.5 mm stroke length the friction behaviour changes significantly for the fabric-

reinforced thermoset (Figure 64 (b)). The initial decrease is relatively short and 

thereafter a rapid increase takes place, which gradually slows down and stabilizes 

just at the very end of the test. Larger scatter between repeat tests is observed at 

22.5 mm stroke length in case of the fabric-reinforced thermoset. 

The thermoplastic show a rather different friction behaviour to that of the fabric-

reinforced thermoset. At 4.5 mm stroke length, an initial drop in friction is 

followed by a relatively sharp increase and stabilisation at that level (Figure 64 

(c)). A similar behaviour is seen at 9 mm stroke length but the increase is smaller, 

and the overall friction level is lower. At 22.5 mm stroke length the initial friction 

is higher than at shorter stroke lengths, but this is followed by a quick reduction in 

friction and thereafter a slow and continuously decreasing friction throughout the 

test (Figure 64 (d)). Similar to the fabric-reinforced thermoset, the scatter increases 

at 22.5 mm stroke length. 

Based on the temperature measurements using thermocouples, the contact 

temperature in the middle of the wear track after sliding against the thermoplastic 

was estimated using Equation 2.1. The heat generated from frictional losses 

resulted in an average temperature rise during steady state (after running-in period) 

of 13.3 ± 0.3 ℃  at a stroke length of 4.5 mm and 12.3 ± 0.2 ℃ at 22.5 mm for the 

thermoplastic sliding against the stainless steel. The 8 % lower temperature 

increase at the higher stroke lengths is partly attributed to the lower coefficient of 

friction. However, it is mainly explained by the fact that the 22.5 stroke length is 

longer than the length of the thermoplastic pin (18 mm) which means that there 

will always be a part of the wear track that is not in contact with the polymer pin 
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as in the case with the 4.5 mm stroke length. Hence, the stainless steel at the higher 

stroke length will be cooled down by convection and radiation. 

 
Figure 64. Average and maximum coefficient of friction versus time for the fabric-

reinforced thermoset at a stroke length of: a) 4.5 mm, b) 22.5 mm and for the 

thermoplastic at stroke length of c) 4.5 mm, and d) 22.5 mm. 

The wear results from the tribological tests at different stroke lengths are 

presented in Figure 65 in terms of measured height reduction over time of the 

polymer pins and the corresponding calculated specific wear rates. The general 

trend for both bearing materials is an increasing wear rate with increasing stroke 

length Figure 65 (a). A smaller increase in wear is seen for the fabric-reinforced 

thermoset at the intermediate stroke length and thereafter the wear rate increases 

by more than three times at the highest stroke length. In case of the thermoplastic, 

the behaviour at short and intermediate stroke lengths is similar to that of the 

fabric-reinforced thermoset but with slightly higher wear rates. The increase in 

wear rate between intermediate and longest stroke length is less for the 

thermoplastic compared to the fabric-reinforced thermoset. In Figure 65 (b), the 

measured height reduction of the polymer pin specimen is shown as a function of 

test duration. It is clear that the fabric-reinforced thermoset experiences 

significantly higher height reduction of the pin than the thermoplastic despite 

showing rather similar wear rates, especially at lower stroke lengths. 
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The initial decrease in friction (Figure 64 (a) and (b)), seen for the fabric-

reinforced thermoset at all stroke lengths, is explained by the higher availability of 

polymer wear debris with more solid lubricants at the sliding interface due to initial 

higher wear (Figure 65 (b)). For the thermoplastic, the height reduction is actually 

initially decreasing during a short period resulting in a “negative” wear due to 

thermal expansion of the thermoplastic material as a result of frictional heating. 

The decrease in friction over time for the thermoplastic at the longest stroke length 

(Figure 64 (d)) is explained by the higher wear rate (Figure 65 (a)) resulting in a 

higher availability of wear particles from the material and thus more fresh solid 

lubricants in the interface. 

 
Figure 65. Variation of: a) the average specific wear rate calculated after 80 hours at 

different stroke lengths for the fabric-reinforced thermoset and the thermoplastic and b) 

the height reduction with test duration at different stroke lengths for the fabric-reinforced 

thermoset and the thermoplastic material. Note that it is only representative curves from 

one selected test per material and stroke length presented in figure (b). TS=fabric-

reinforced thermoset, TP=thermoplastic. The error bars in figure (a) show the standard 

deviation calculated for two repeat tests. 

Higher wear rates at increased angular displacement during oscillating against 

steel at high contact pressures and low sliding speeds has previously been reported 

for another fabric-reinforced bearing material [139] and at increased stroke length 

for pure and glass fibre reinforced PTFE [142]. However, no explanations for the 

increased wear were presented in these studies. 

The height reduction of the fabric-reinforced thermoset and thermoplastic pins 

as a function of time during static loading is presented in Figure 66 (a). The height 

reduction of the fabric-reinforced thermoset is increasing throughout the test and 

most rapidly in the beginning. The increase appears to be almost constant after 

approximately 40–60 h, suggesting steady state creep. The thermoplastic shows a 

good creep resistance with a very low height reduction where the increase appears 

to be relatively constant throughout the test. The height reduction of the 

thermoplastic is in average 32 times lower compared to the fabric-reinforced 

thermoset. In fact, the height reduction of the thermoplastic is so small that it is 
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almost negligible as the height variations due to temperature fluctuations are more 

significant than due to creep. Despite showing a significantly better creep 

resistance compared to the fabric-reinforced thermoset, both materials show rather 

similar wear rates. This is explained by a higher height reduction during the first 

half of the test for the fabric-reinforced thermoset compared to the thermoplastic 

as the wear rates are calculated based on the interval of 80 h until the end of the 

test. 

The average height reduction of the fabric-reinforced thermoset and the 

thermoplastic during static loading compared to reciprocating sliding at different 

stroke lengths is shown in Figure 66 (b). For the fabric-reinforced thermoset, 

height reduction from creep and compressive deformation constitutes a large part 

(28–72 %) of the total height reduction during reciprocating sliding tests, 

especially at the lower stroke lengths (52–72 %). For the thermoplastic, the height 

reduction from creep and compressive deformation is a very small part (2–5 %) of 

the total height reduction during the reciprocating sliding tests and is almost 

negligible. However, similar to the fabric-reinforced thermoset it is highest at the 

lowest stroke lengths (4–5 %). 

 
Figure 66. Height reduction for the fabric-reinforced thermoset and the thermoplastic: 

a) versus time obtained from static load tests, illustrating the creep behaviour of the 

bearing materials under long duration and b) average height reduction during static 

loading respectively reciprocating sliding tests at different stroke lengths. The error bars 

in figure (b) show the standard deviation calculated for two repeat tests. 

The wear rate of the fabric-reinforced thermoset at the shortest stroke length 

(4.5 mm) is lower than at the intermediate stroke length (Figure 65 (a)) but the 

total height reduction is lower at the intermediate stroke length than at the shortest 

stroke length (Figure 66 (b)). This is attributed to a higher initial height reduction 

at the shortest stroke length (Figure 65 (b)) resulting from more thermal softening. 

Surface analysis of the worn stainless-steel after sliding against the fabric-

reinforced thermoset revealed thicker and more coherent transfer layers formed in 

the centre of the wear track for the shortest stroke length compared to the longer 

(Figure 67). The transfer layers became thinner and patchier when the stroke length 
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increased. The difference in transfer film formation between the shortest and the 

longest stroke length for the fabric-reinforced thermoset is illustrated in the SEM 

micrographs in Figure 68 (a) and (b). It is clear that the transfer layers at the 

shortest stroke length have a higher coverage of the stainless steel and are thicker 

compared to the longest stroke length that consists of thinner and patchier islands 

of the transferred fabric-reinforced thermoset material. The thicker transfer layers 

act as load-bearing areas and contributes to a reduction in friction due to a reduced 

adhesion between the polymer pin and the stainless-steel surface as well as lower 

ploughing component of friction due to less interaction with the harder steel 

asperities. This also contributes to the lower wear rates at the lower stroke lengths 

due to protection of the polymer surface. 

 
Figure 67. Worn stainless-steel surface after sliding against the fabric-reinforced 

thermoset with a stroke length of: a) 4.5 mm showing the optical image and b) 

corresponding surface topography, c) 22.5 mm showing the optical image and d) 

corresponding surface topography. The sliding direction in the figures is parallel to the 

vertical axis. 
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Figure 68. SEM micrographs of the transfer layers formed on the stainless-steel 

surface closer to the centre of the wear track after sliding against the: a) fabric-reinforced 

thermoset at a stroke length of 4.5 mm and b) 22.5 mm, c) the thermoplastic at a stroke 

length of 4.5 mm and d) 22.5 mm. Arrows indicate the sliding direction. 

The worn steel surfaces also revealed increased coverage by abrasive grooves 

at increased stroke length and the difference was highest between the intermediate 

and the longest stroke length after sliding against both bearing materials (Figure 

67). This is attributed to the stroke length being longer than the polymer pin, which 

reduces the polymer wear debris entrapment and reduces the transfer film 

formation. The worn surface topographies of the stainless steel at the longest stroke 

length show that the thicker transfer layers are located in the centre of the wear 

track. These have a convergent-divergent shape from the reversal points while the 

abrasive grooves are concentrated in the regions closer to the edges parallel to the 

sliding direction (Figure 67 (d)). The higher wear of the stainless steel at longer 

stroke lengths was also confirmed by EDS analysis of the worn bearing surfaces 

where higher concentrations of elements from the stainless steel were observed at 

the longest stroke length in comparison to the shortest (Table 10). A part of the 

stainless-steel wear debris is also present in the transfer layers on the stainless steel 

after sliding against the two bearing materials. Therefore, the increased wear of the 

stainless-steel surface at longer stroke lengths will contribute to a higher content 

of steel wear debris in the transfer layers and on the bearing pin surfaces. The 

properties of the transfer layer will degrade due to embedded steel particles, which 
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contributes to reduced lubrication by the transfer layers. The steel particles will 

also reduce the cohesion of the transfer layers leading to easier fragmentation and 

removal of the transfer layers. In addition, the wear of both bearing material and 

stainless-steel surface will increase due to abrasion by the hard steel wear debris. 

This explains the increased coefficient of friction and the wear at the longest stroke 

length in comparison to the intermediate stroke for both polymer materials due to 

decreased lubrication and increased ploughing component of friction. 

Table 10. Average concentrations of the selected elements in wt.% from EDS analysis of 

the worn polymer pins. 

Element 
Thermoset Thermoplastic 

4.5 mm 22.5 mm 4.5 mm 22.5 mm 

F 17.91 ± 2.86 8.68 ± 4.67 2.37 ± 0.29 – 

S 0.57 ± 0.14 0.43 ± 0.10 – – 

Mo – 0.07 ± 0.12 – – 

Si 0.17 ± 0.08 0.52 ± 0.50 0.23 ± 0.06 1.15 ± 1.2 

Fe 3.71 ± 0.45 5.03 ± 3.27 – 0.8 

Cr 0.74 ± 0.10 1.00 ± 0.63 – – 

 

EDS analysis of the worn fabric-reinforced thermoset pins revealed higher 

average concentration of PTFE at the shortest stroke length compared to the 

longest (Table 10). This is attributed to more entrapment of wear debris at short 

stroke lengths leading to a higher concentration of solid lubricants. The overall 

lower friction and wear of the fabric-reinforced thermoset pin at the lowest stroke 

length is explained by the higher concentration of PTFE. However, the 

concentration of the second solid lubricant MoS2 in the fabric-reinforced thermoset 

was not as significantly influenced by changes in stroke length. 

SEM micrographs of the worn fabric-reinforced thermoset pins revealed that 

delamination wear and abrasive wear, mainly caused by micro-ploughing, is the 

dominant wear mechanism. The degree of abrasive wear increases with increased 

stroke length. This is explained by the higher content of steel debris (Fe, Cr and 

Si) on the thermoset surface at the longer stroke lengths (Table 10) resulting in 

more severe abrasive wear. 

Surface analysis of the worn stainless-steel after sliding against the 

thermoplastic showed a similar trend to the fabric-reinforced thermoset counter 

surface with more distributed transfer layers in the sliding direction with increasing 

stroke length. At the shorter stroke lengths of 4.5 and 9 mm the transfer layers are 

significantly thinner in comparison to the fabric-reinforced thermoset (Figure 68 

(a) and (c)). The thickest transfer layers and highest surface coverage by transfer 

layers was found at the intermediate stroke length for the thermoplastic. This 

explains the lower friction of the thermoplastic at the intermediate stroke length 
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compared to the other stroke lengths together with less abrasive wear of the steel 

surface compared to the longest. 

The surface topographies of the worn thermoplastic pins are presented in Figure 

69. At the shortest stroke length, signs of adhesive wear, especially in the centre 

of the pin are seen. Adhesive wear is also prevailing at longer stroke lengths. 

However, more regions are subjected to abrasive wear than at the shortest stroke 

length and the amount of abrasive wear is increasing with increased stroke length. 

The higher coefficient of friction observed at the shortest stroke length of 4.5 mm 

compared to the longer stroke lengths for the thermoplastic is attributed to a lower 

coverage by transfer layers and a higher adhesive component of friction than at 

longer stroke lengths. The higher estimated temperature increase in the middle of 

the wear track at the shortest stroke length contributes to the thermoplastic 

becoming softer and thus more compliant leading to a larger real area of contact. 

The lower coverage by transfer layers results in more direct contact between the 

thermoplastic and the stainless steel that, together with the increased contact area, 

contributes to a higher adhesive component of friction in comparison to the longer 

stroke lengths. 

 
Figure 69. Surface topography of the worn thermoplastic pins after sliding against the 

stainless steel at a stroke length of: a) 4.5 mm, b) 9 mm, and c) 22.5 mm. The sliding 

direction in the figures is parallel to the vertical axis. 

Based on SEM analysis of the worn thermoplastic pins it was found that the 

protruding regions on the thermoplastic seen in the surface topography (Figure 69) 

are subjected to a higher degree of delamination wear with wedge formation. This 
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behaviour of the thermoplastic has previously been seen in Paper B and was 

attributed to higher local contact pressures at the protruding regions, contributing 

to higher shear stresses within the thermoplastic that eventually will lead to 

delamination. Thicker transfer layers are initiated in the regions on the stainless 

steel that had been in contact with the corresponding polymer surface where the 

wedge formation is prominent. This is in agreement with the observations made in 

this study with thicker transfer layers observed on the stainless steel corresponding 

to the protruding areas on the thermoplastic pin. The topography of the worn 

thermoplastic pins at longer stroke lengths mirrors the appearance of the stainless 

steel. The abrasive wear of the thermoplastic contributes to a higher wear rate than 

the adhesive/delamination wear, as seen from the prominent grooves in the surface 

topography of the thermoplastic pins (Figure 69). 

The increasing wear rate with increasing stroke length for both self-lubricating 

polymer materials in this study is attributed to a higher contribution from abrasive 

wear at longer stroke lengths due to increased interaction between the polymer 

surface and the higher number of asperities in the larger contact area on the 

stainless-steel surface. The lowest wear rates are obtained at the shortest stroke 

length for both bearing materials, which contributes to a longer bearing service life 

in comparison to the longer stroke lengths. For the fabric-reinforced thermoset the 

best performance is obtained at the shortest stroke length as the coefficient of 

friction is also the lowest. At the shortest stroke length for the thermoplastic, the 

transfer film formation is more localised which leads to the lowest wear but highest 

coefficient of friction.



 

117 

4 Conclusions  

In this thesis, the microstructure and composition of some of commonly used 

commercially available self-lubricating polymer composite bearing materials for 

hydropower applications have been investigated. The influence of varying 

operating conditions on the tribological behaviour and the governing mechanisms 

as well as development of transfer layers during sliding against stainless steel 

under long duration tests has also been studied. Finally, long-term creep behaviour 

of the bearing materials has been investigated at high contact pressures. 

 

The main conclusions of this research work are as follows: 

 The three investigated bearing materials have very different micro-

structures and compositions. The thermoplastic presents a 

homogeneous microstructure while the thermoset materials show 

structural heterogeneity with larger pores situated at different locations. 

All three contain PTFE as solid lubricant incorporated in the material. 
 

 There is a significant difference between the friction and wear results 

obtained after 20 hours compared to 160 hours of sliding. The friction 

and wear mechanisms are transient processes and long duration testing 

is required to enable accurate predictions of their long-term 

tribological behaviour. 
 

 The formation of transfer layers is a transient process involving 

continuous build-up and break-down. The transfer layers are formed 

in a similar way for all the investigated bearing materials. It involves 

generation of wear debris, accumulation in counter surface valleys, and 

consolidation in to layers. During sliding, the layers fracture due to 

poor cohesion and high defect density leading to local detachment and 

removal. 
 

 Increased nominal contact pressure leads to a reduction in coefficient 

of friction due to higher concentration of solid lubricants in the sliding 

interface. 
 

 Increased sliding speed contributes to an increased wear rate, 

especially at low contact pressures. This is attributed to thermal 

softening of the polymer surface due to the temperature increase at the 

sliding interface. 
 

 By optimizing the stainless-steel counter surface topography it is 

possible to reduce the coefficient of friction and specific wear rates 

with up to 32 % and 144 % respectively. A thermoplastic is a better 

choice for low surface roughness (Sa=0.3 µm) while the reinforced 
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thermosets show better performance at an intermediate roughness 

(Sa=0.7 µm). Counter surfaces with perpendicular lay to the sliding 

direction results in thicker transfer layers compared to the parallel lay 

and this leads to reduced friction. 
 

 Increased sliding amplitude (stroke length) contributes to a higher 

wear rate of the bearing materials, especially when the stroke length is 

longer than the length of the pin. This is partly attributed to increased 

wear of the counter surface with increased stroke length. The influence 

of sliding amplitude on friction differs between the bearing materials. 

A thermoset showed increased friction with increased stroke length 

while a thermoplastic showed the lowest friction at an intermediate 

stroke length. 
 

 Long duration static load tests showed that the thermoplastic has a 

much higher creep resistance compared to the thermoset with a 32 

times lower height reduction. 

Based on the obtained results from the tribological studies it is clear that it is 

possible to reduce friction and wear of these bearing materials during sliding 

against stainless steel by optimizing the operating conditions and hence save 

energy and prolong the useful lifetime of the bearings. Furthermore, data obtained 

may be useful for selection of bearing materials for certain operating conditions or 

(where possible) for adjustment of the operating condition to ensure improved 

tribological performance. 

It can also be concluded that the selected operating conditions for tribological 

experiments will significantly influence the obtained results with both respect to 

friction and wear as well as the governing mechanisms. Accelerated wear tests by 

increasing the sliding speed will result in higher wear rates and influence the 

dominant wear mechanisms. Long duration tests will give a better estimation of 

the long term tribological behaviour. Too low nominal contact pressure will lead 

to higher friction. The counter surface topography will influence the tribological 

performance and governing mechanisms and should therefore be selected to 

represent the application. The stroke length is also an important parameter, which 

will influence the generation and interaction with wear debris, and has a direct 

effect on the friction and wear response. 
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5 Contribution to the field 

When this research was initiated in the end of 2014 there was a very limited 

number of studies available in the open literature that addressed tribological 

behaviour of commercially available polymer composite bearing materials used in 

hydropower applications, and even fewer dealing with the governing friction and 

wear mechanisms. Bearing selection was, and still is, mainly done based on 

experience from the field, which often results in selection of bearing materials that 

have been out on the market the longest even if there are new materials available 

that could offer better performance. There was also a lack of knowledge regarding 

the structure and composition of the bearing materials besides the limited 

information available from the manufacturers. Last but not least there was a lack 

of knowledge regarding influence of various parameters on the tribological 

behaviour of the polymer bearing materials leading to design choices being based 

on trial and error. As an example, there has been a belief that smoother counter 

surfaces provide better performance compared to rougher surfaces. Another 

assumption is that longer oscillating movements provides better tribological 

performance and enhanced transfer layer formation. 

This thesis is thus an important step forward and provides new insights into the 

structure of the bearing materials and their composition as well as their tribological 

behaviour and governing mechanisms when sliding against stainless steel under 

various operating conditions. In Figure 70, the contribution regarding investigated 

sliding speeds and contact pressures in this work, compared to previous published 

literature, is highlighted. In addition to extending the operating conditions of the 

tribological studies, this work also provides useful information regarding 

development of transfer layers as well as tribological performance over long 

duration corresponding to more than 25 years of operation for the guide vanes. The 

gained knowledge and obtained data can be used for modelling and simulating the 

tribological behaviour of the tested materials as well as the polymer materials 

themselves. Most importantly the gained knowledge can be used for optimization 

of operating conditions for the bearing materials as well as for proper material 

selection based on the prevalent conditions. 
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Figure 70. Contribution from Paper A to E (squares) to the region of tested sliding 

speeds and contact pressures for tribological characterization of commercial bearing 

materials in the open literature. 
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6 Future work 

As the field of tribological behaviour of self-lubricating polymer composite 

bearing materials for hydropower applications is quite unexplored there are many 

possibilities for further work. First of all, the knowledge and experimental data can 

be used to develop models for the tribological behaviour in order to predict service 

life of the bearings. In order to do so, there is a need to translate the obtained results 

from small-scale experiments to the real application by carrying out experiments 

using full-scale journal bearing setup. 

In this work the influence of test duration, contact pressure, sliding speed, 

counter surface topography and sliding amplitude on the tribological behaviour 

has been systematically investigated. There is, however, additional parameters that 

could have an influence such as the counter surface material, operating 

temperature, and ambient conditions such as humidity. 

 The influence of interface media has previously been investigated using small 

polymer pins but in order to better replicate the contact conditions of a journal 

bearing, experiments using larger polymer pins should be performed combined 

with a more detailed analysis of the governing mechanisms. 

Based on the results from this work it was found that the sliding amplitude have 

a significant influence on the tribological performance of the tested bearing 

materials. Since the sliding amplitude of the bearings used in hydropower 

applications vary during operating it would be of interest to study the influence of 

continuously varying sliding amplitudes. This information can be used to design 

an optimal running-in sequence for the bearing materials in the application in order 

to improve the long-term tribological performance. 

 

 

  



Chapter 6: Future work 

122 

  



Chapter 7: References 

123 

7 References  

[1] “Mål för energipolitiken - Regeringen.se.” 

https://www.regeringen.se/regeringens-politik/energi/mal-och-visioner-

for-energi/ (accessed Mar. 23, 2022). 
[2] “Net Zero by 2050 - A Roadmap for the Global Energy Sector,” 2021. 

[Online]. Available: www.iea.org/t&c/ 

[3] “100 procent förnybar el,” 2019, Accessed: Mar. 24, 2022. [Online]. 

Available: https://energimyndigheten.a-

w2m.se/Home.mvc?resourceId=133470 

[4] “Hydropower Special Market Report: Analysis and forecast to 2030,” 

2021. [Online]. Available: www.iea.org/t&c/ 

[5] L. Saarinen, “A hydropower perspective on flexibility demand and grid 

frequency control,” Uppsala, Sweden, 2014. 

[6] E. Dahlborg, “Grid frequency stability from a hydropower perspective,” 

Uppsala, Sweden, 2021. 

[7] P. Tielens and D. van Hertem, “The relevance of inertia in power systems,” 

Renewable and Sustainable Energy Reviews, vol. 55. Elsevier Ltd, pp. 

999–1009, Mar. 01, 2016. doi: 10.1016/j.rser.2015.11.016. 

[8] W. Yang et al., “Burden on hydropower units for short-term balancing of 

renewable power systems,” Nature Communications, vol. 9, no. 1, Dec. 

2018, doi: 10.1038/s41467-018-05060-4. 

[9] P. Pereira, K. L. Riahi, and W. Barreto, “Analysis on the impact of grid 

regulation on the lifetime and reliability of water turbine distributor 

mechanism self-lubricating bearings,” Jun. 2018. 

[10] “Electricity production by source, World,” Feb. 13, 2022. 

https://ourworldindata.org/grapher/electricity-prod-source-stacked 

(accessed Mar. 27, 2022). 

[11] X. Liu, Y. Luo, and Z. Wang, “A review on fatigue damage mechanism in 

hydro turbines,” Renewable and Sustainable Energy Reviews, vol. 54. 

Elsevier Ltd, pp. 1–14, Feb. 01, 2016. doi: 10.1016/j.rser.2015.09.025. 

[12] B. Vigil, L. Chen, T. Ort, and L. Lima, “Frequency sensitive control mode 

and fatigue assessment for Kaplan and Bulb turbine runners,” Jun. 2018. 

[13] P. March, W. Moore, and M. Nesbitt, “Flexible operation of hydroelectric 

turbines and generators,” Jun. 2018. 

[14] I. Texeira, “Risks and benefits of reducing the technical minimum in 

Kaplan hydropower turbines to increase frequency control capabilities,” 

Nov. 2018. 

[15] K.-E. Värlind, “Oil-free operation - International Water Power,” Mar. 02, 

2002. https://www.waterpowermagazine.com/features/featureoil-free-

operation/ (accessed Mar. 28, 2022). 



Chapter 7: References 

124 

[16] S. Åstrand, “Environmental Effects of Turbine Oil Spills from Hydro 

Power Plants to Rivers,” Stockholm, Sweden, 2008. Accessed: Mar. 28, 

2022. [Online]. Available: http://www.w-

program.nu/filer/exjobb/Stina_%C5strand.pdf 

[17] K. Enzenhofer, “Statkraft Hydro Power Plants-Oil Spills and Valuable 

Areas,” Östersund, Sweden, 2014. Accessed: Mar. 28, 2022. [Online]. 

Available: http://www.diva-

portal.se/smash/get/diva2:756695/FULLTEXT01.pdf 

[18] H. Lindsjö, “Oil-free hubs spare hydro’s blushes,” International Water 

Power & Dam Construction, vol. 51, pp. 19–21, 1999. 

[19] “Solutions for Hydropower,” 2016. Accessed: Mar. 29, 2022. [Online]. 

Available: https://www.orkot.com/en/search?q=hydropower 

[20] S. Benda and E. Wurm, “Primärregelung Donaukette: Auswirkungen auf 

den Laufrad Verstellapparat,” Sep. 2011. 

[21] R. Gawarkiewicz and M. Wasilczuk, “Wear measurements of self-

lubricating bearing materials in small oscillatory movement,” Wear, vol. 

263, no. 1-6 SPEC. ISS., pp. 458–462, Sep. 2007, doi: 

10.1016/j.wear.2006.12.060. 

[22] “Technology for underwriters 38: Hydroelectric power plants,” 2009. 

[23] D. Dowson, History of tribology, 2nd ed. London: John Wiley & Sons, 

1998. 

[24] F. di Puccio and L. Mattei, “Biotribology of artificial hip joints.,” World J 

Orthop, vol. 6, no. 1, pp. 77–94, Jan. 2015, doi: 10.5312/wjo.v6.i1.77. 

[25] P. H. Jost H., “Tribology: How a word was coined 40 years ago,” 

Tribology & Lubrication Technology, vol. 62, no. 3, pp. 24–28, 2006. 

[26] P. Jost H. and J. Schofield, “ENERGY SAVING THROUGH 

TRIBOLOGY: A TECHNO-ECONOMIC STUDY,” Proceedings of the 

Institution of Mechanical Engineers, vol. 195, no. 1, pp. 151–173, 1981, 

doi: 10.1243/PIME_PROC_1981_195_016_02. 

[27] H. Czichos, Tribology: a systems approach to the science and technology 

of friction, lubrication and wear, vol. 1. Amsterdam, Netherlands: 

Elsevier, 1978. 

[28] B. Bhushan, Principles and applications of tribology. New York City: 

John Wiley & Sons, 1999. 

[29] H. Czichos, Friction and wear of polymer composites, vol. 1. Amsterdam, 

Netherlands: Elsevier, 1986. 

[30] M. B. Peterson and W. O. Winer, Wear control handbook. New York: 

American Society of Mechanical Engineers, 1980. 

[31] U. D. Schwarz and H. Hölscher, Modern Tribology Handbook, 1st ed. 

Boca Raton: CRC Press, 2000. 

[32] S. Andersson, A. Söderberg, and S. Björklund, “Friction models for sliding 

dry, boundary and mixed lubricated contacts,” Tribology International, 



Chapter 7: References 

125 

vol. 40, no. 4, pp. 580–587, Apr. 2007, doi: 

10.1016/j.triboint.2005.11.014. 

[33] B. K. Behera and P. K. Hari, “Friction and other aspects of the surface 

behavior of woven fabrics,” in Woven Textile Structure, Elsevier, 2010, 

pp. 230–242. doi: 10.1533/9781845697815.2.230. 

[34] N. P. Suh and H.-C. Sin, “The genesis of friction,” Wear, vol. 69, no. 1, 

pp. 91–114, Jun. 1981, doi: 10.1016/0043-1648(81)90315-X. 

[35] “Standard G40: Standard terminology relating to wear and erosion. 

American Society for Testing and Materials.” ASTM International, West 

Conshohocken, 2005. 

[36] N. P. Suh, “Surface Interactions,” in Tribological Technology, vol. 1, P. 

B. Senholzi, Ed. The Hague: Martinus Nijhoff, 1982, pp. 37–208. 

[37] J. F. Archard, “Contact and Rubbing of Flat Surfaces,” Journal of Applied 

Physics, vol. 24, no. 8, pp. 981–988, Aug. 1953, doi: 10.1063/1.1721448. 

[38] T. R. Thomas, “Characterization of surface roughness,” Precision 

Engineering, vol. 3, no. 2, pp. 97–104, Apr. 1981, doi: 10.1016/0141-

6359(81)90043-X. 

[39] M. Hamed, Y. Zedan, A. M. Samuel, H. W. Doty, and F. H. Samuel, 

“Milling parameters of Al-Cu and Al-Si cast alloys,” The International 

Journal of Advanced Manufacturing Technology, vol. 104, no. 9–12, pp. 

3731–3743, Oct. 2019, doi: 10.1007/s00170-019-04075-5. 

[40] M. Matuszewski, M. Słomion, A. Mazurkiewicz, and D. Yu. Pimenov, 

“Assessment of friction pair elements condition based on changes in the 

geometric surface structure isotropicity degree,” MATEC Web of 

Conferences, vol. 302, p. 01015, Nov. 2019, doi: 

10.1051/matecconf/201930201015. 

[41] D. Semnani, “Geometrical characterization of electrospun nanofibers,” in 

Electrospun Nanofibers, Elsevier, 2017, pp. 151–180. doi: 10.1016/B978-

0-08-100907-9.00007-6. 

[42] M. Wieczorowsk, A. Cellary, and J. Chajda, A guide to measuring surface 

roughness, or roughness and more(Przewodnik po pomiarach 

nierówności powierzchni czyli o chropowatości i nie tylko). Poznań: Publ. 

Poznan University ofTechnology, 2003. 

[43] J. A. Greenwood and J. B. P. Williamson, “Contact of nominally flat 

surfaces,” Proceedings of the Royal Society of London. Series A. 

Mathematical and Physical Sciences, vol. 295, no. 1442, pp. 300–319, 

Dec. 1966, doi: 10.1098/rspa.1966.0242. 

[44] E. E. Nunez and A. A. Polycarpou, “The effect of surface roughness on 

the transfer of polymer films under unlubricated testing conditions,” Wear, 

vol. 326–327, pp. 74–83, Mar. 2015, doi: 10.1016/j.wear.2014.12.049. 

[45] J. P. Jose, S. Kumar Malhotra, S. Thomas, K. Joseph, K. Goda, and M. 

Sadasivan Sreekala, “Advances in Polymer Composites: Macro‐ and 

Microcomposites – State of the Art, New Challenges, and Opportunities,” 



Chapter 7: References 

126 

in Polymer Composites, Wiley, 2012, pp. 1–16. doi: 

10.1002/9783527645213.ch1. 

[46] A. K. M. Khabirul Islam, S. Bhuyan, and F. Ahmed Chowdhury, 

“Advanced Composite Pelton Wheel Design and Study its Performance 

for Pico/Micro Hydro Power Plant Application,” International Journal of 

Engineering and Innovative Technology (IJEIT), vol. 2, no. 11, pp. 126–

132, May 2013. 

[47] X. Q. Pei and K. Friedrich, “Friction and Wear of Polymer Composites,” 

in Reference Module in Materials Science and Materials Engineering, 

Elsevier, 2016. doi: 10.1016/B978-0-12-803581-8.03074-5. 

[48] M. C. Gupta, Polymer Composite. New Age International, 2007. 

[49] E. A. MacGregor, Encyclopedia of Physical Science and Technology, 3rd 

ed. Academic Press Inc, 2003. 

[50] Q. H. Qin, “Introduction to the composite and its toughening 

mechanisms,” in Toughening Mechanisms in Composite Materials, 

Elsevier, 2015, pp. 1–32. doi: 10.1016/B978-1-78242-279-2.00001-9. 

[51] K. Horie et al., “Definitions of terms relating to reactions of polymers and 

to functional polymeric materials (IUPAC Recommendations 2003),” 

Pure and Applied Chemistry, vol. 76, no. 4, pp. 889–906, Jan. 2004, doi: 

10.1351/pac200476040889. 

[52] S. Ma, T. Li, X. Liu, and J. Zhu, “Research progress on bio-based 

thermosetting resins,” Polymer International, vol. 65, no. 2, pp. 164–173, 

Feb. 2016, doi: 10.1002/pi.5027. 

[53] S. Ma and D. C. Webster, “Degradable thermosets based on labile bonds 

or linkages: A review,” Progress in Polymer Science, vol. 76, pp. 65–110, 

Jan. 2018, doi: 10.1016/j.progpolymsci.2017.07.008. 

[54] J. P. Greene, Automotive Plastics and Composites. Elsevier, 2021. doi: 

10.1016/C2018-0-03030-3. 

[55] K. L. Pickering and M. D. H. Beg, “Quality and durability of recycled 

composite materials,” in Management, Recycling and Reuse of Waste 

Composites, Elsevier, 2010, pp. 303–327. doi: 

10.1533/9781845697662.3.303. 

[56] R. Stewart, “Thermoplastic composites — recyclable and fast to process,” 

Reinforced Plastics, vol. 55, no. 3, pp. 22–28, May 2011, doi: 

10.1016/S0034-3617(11)70073-X. 

[57] L. Chang, Z. Zhang, L. Ye, and K. Friedrich, “Synergistic effects of 

nanoparticles and traditional tribo-fillers on sliding wear of polymeric 

hybrid composites,” in Tribology of Polymeric Nanocomposites: Friction 

and Wear of Bulk Materials and Coatings, K. Friedrich and A. K. Schlarb, 

Eds. Elsevier, 2011, p. 36. 

[58] K. Friedrich, “Polymer composites for tribological applications,” 

Advanced Industrial and Engineering Polymer Research, vol. 1, no. 1. 



Chapter 7: References 

127 

KeAi Communications Co., pp. 3–39, Oct. 01, 2018. doi: 

10.1016/j.aiepr.2018.05.001. 

[59] N. K. Myshkin and A. V. Kovalev, “Adhesion and friction of polymers,” 

in Polymer Tribology, S. K. Sinha and B. J. Briscoe, Eds. Imperial College 

Press, 2009, pp. 3–37. Accessed: Apr. 26, 2022. [Online]. Available: 

https://books.google.se/books?hl=en&lr=&id=aEhxDwAAQBAJ&oi=fn

d&pg=PA3&dq=ADHESION+AND+FRICTION+OF+POLYMERS+ko

valev+myshkin&ots=Zsb_TKtw53&sig=XYClWpoqz2mQ6CFt3xxQga

YPcX8&redir_esc=y#v=onepage&q=ADHESION%20AND%20FRICTI

ON%20OF%20POLYMERS%20kovalev%20myshkin&f=false 

[60] J. K. Lancaster, “Chapter 14 Friction and Wear,” in Polymer Science: A 

Materials Science Handbook, A. D. Jenkins, Ed. North-Holland 

Publishing Company, 1972, pp. 959–1046. Accessed: Apr. 26, 2022. 

[Online]. Available: 

https://books.google.se/books?id=BwQcBQAAQBAJ&pg=PA959&sour

ce=gbs_toc_r&cad=4#v=onepage&q&f=false 

[61] B. J. Briscoe and D. Tabor, “Chapter 1 Friction and wear of polymers,” in 

Polymer Surfaces, D. T. Clark and W. J. Feast, Eds. John Wiley & Sons, 

Inc, 1978, p. 458. 

[62] S. Wu, “Chapter 10 Adhesion: Basic concept and locus of failure,” in 

Polymer interface and adhesion, New York: Marcel Dekker, Inc., 1982, 

pp. 337–358. 

[63] I. V. Kraghelskii, Friction and wear. London: Butterworths, 1965. 

[64] L. Zsidai, P. de Baets, P. Samyn, G. Kalacska, A. P. van Peteghem, and F. 

van Parys, “The tribological behaviour of engineering plastics during 

sliding friction investigated with small-scale specimens,” 2002. 

[65] J. T. Burwell, “Survey of possible wear mechanisms,” Wear, vol. 1, no. 2, 

pp. 119–141, Oct. 1957, doi: 10.1016/0043-1648(57)90005-4. 

[66] N. K. Myshkin, M. I. Petrokovets, and A. V. Kovalev, “Tribology of 

polymers: Adhesion, friction, wear, and mass-transfer,” Tribology 

International, vol. 38, no. 11–12, pp. 910–921, Nov. 2005, doi: 

10.1016/j.triboint.2005.07.016. 

[67] A. Abdelbary, “Polymer tribology,” in Wear of Polymers and Composites, 

Elsevier, 2014, pp. 1–36. doi: 10.1533/9781782421788.1. 

[68] J. K. Lancaster, “Abrasive wear of polymers,” Wear, vol. 14, no. 4, pp. 

223–239, Oct. 1969, doi: 10.1016/0043-1648(69)90047-7. 

[69] K.-H. zum Gahr, Microstructure and wear of materials. Amsterdam: 

Elsevier, 1987. 

[70] M. Clerico and V. Patierno, “Sliding wear of polymeric composites,” 

Wear, vol. 53, no. 2, pp. 279–301, Apr. 1979, doi: 10.1016/0043-

1648(79)90083-8. 



Chapter 7: References 

128 

[71] S. K. Biswas and K. Vijayan, “Friction and wear of PTFE — a review,” 

Wear, vol. 158, no. 1–2, pp. 193–211, Oct. 1992, doi: 10.1016/0043-

1648(92)90039-B. 

[72] M. Cho, “Friction and wear of a hybrid surface texturing of polyphenylene 

sulfide-filled micropores,” Wear, vol. 346–347, pp. 158–167, Jan. 2016, 

doi: 10.1016/j.wear.2015.11.010. 

[73] Q. Wang, Q. Xue, and W. Shen, “The friction and wear properties of 

nanometre SiO2-filled polyetheretherketone,” Tribology International, 

vol. 30, pp. 193–197, 1997. 

[74] Q. Wang, Q. Xue, H. Liu, W. Shen, and J. Xu, “The effect of particle size 

of nanometer ZrO2 on the tribological behaviour of PEEK,” Wear, vol. 

198, no. 1–2, pp. 216–219, Oct. 1996, doi: 10.1016/0043-1648(96)07201-

8. 

[75] S. E. Franklin, “Wear experiments with selected engineering polymers and 

polymer composites under dry reciprocating sliding conditions,” Wear, 

vol. 251, no. 1–12, pp. 1591–1598, Oct. 2001, doi: 10.1016/S0043-

1648(01)00795-5. 

[76] S. Bahadur, “The development of transfer layers and their role in polymer 

tribology,” Wear, vol. 245, no. 1–2, pp. 92–99, Oct. 2000, doi: 

10.1016/S0043-1648(00)00469-5. 

[77] J. Ye, D. Burris, and T. Xie, “A Review of Transfer Films and Their Role 

in Ultra-Low-Wear Sliding of Polymers,” Lubricants, vol. 4, no. 1, p. 4, 

Feb. 2016, doi: 10.3390/lubricants4010004. 

[78] J. vande Voort and S. Bahadur, “The growth and bonding of transfer film 

and the role of CuS and PTFE in the tribological behavior of PEEK,” 

Wear, vol. 181–183, pp. 212–221, Feb. 1995, doi: 10.1016/0043-

1648(95)90026-8. 

[79] S. Bahadur and V. K. Polineni, “Tribological studies of glass fabric-

reinforced polyamide composites filled with CuO and PTFE,” Wear, vol. 

200, no. 1–2, pp. 95–104, Dec. 1996, doi: 10.1016/S0043-1648(96)07327-

9. 

[80] J. K. Lancaster, “Dry bearings: a survey of materials and factors affecting 

their performance,” Tribology, vol. 6, no. 6, pp. 219–251, Dec. 1973, doi: 

10.1016/0041-2678(73)90172-3. 

[81] K. Friedrich, R. Reinicke, and Z. Zhang, “Wear of polymer composites,” 

Proceedings of the Institution of Mechanical Engineers, Part J: Journal of 

Engineering Tribology, vol. 216, no. 6, pp. 415–426, Jun. 2002, doi: 

10.1243/135065002762355334. 

[82] J. K. Lancaster, “Polymer-based bearing materials,” Tribology, vol. 5, no. 

6, pp. 249–255, Dec. 1972, doi: 10.1016/0041-2678(72)90103-0. 

[83] P. Samyn and G. Schoukens, “Tribological properties of PTFE-filled 

thermoplastic polyimide at high load, velocity, and temperature,” Polymer 



Chapter 7: References 

129 

Composites, vol. 30, no. 11, pp. 1631–1646, Nov. 2009, doi: 

10.1002/pc.20737. 

[84] K. Friedrich, J. Karger-Kocsis, T. Sugioka, and M. Yoshida, “On the 

sliding wear performance of polyethernitrile composites,” Wear, vol. 158, 

no. 1–2, pp. 157–170, Oct. 1992, doi: 10.1016/0043-1648(92)90036-8. 

[85] J. W. M. Mens and A. W. J. de Gee, “Friction and wear behaviour of 18 

polymers in contact with steel in environments of air and water,” Wear, 

vol. 149, no. 1–2, pp. 255–268, Sep. 1991, doi: 10.1016/0043-

1648(91)90378-8. 

[86] L. Weimin, H. Chunxiang, G. Ling, W. Jianmin, and D. Hongxin, “Study 

of the friction and wear properties of MoS2-filled Nylon 6,” Wear, vol. 

151, no. 1, pp. 111–118, Nov. 1991, doi: 10.1016/0043-1648(91)90350-4. 

[87] T. E. Powers, “Molybdenum disulfide in nylon for wear resistance,” 

Modern plastics, vol. 37, pp. 148–154, 1962, doi: 10.1016/0043-

1648(62)90259-4. 

[88] L. Deleanu, M. Botan, and C. Georgescu, “Tribological Behavior of 

Polymers and Polymer Composites,” in Tribology in Materials and 

Manufacturing - Wear, Friction and Lubrication, IntechOpen, 2021. doi: 

10.5772/intechopen.94264. 

[89] G. Xian and Z. Zhang, “Sliding wear of polyetherimide matrix 

composites,” Wear, vol. 258, no. 5–6, pp. 776–782, Feb. 2005, doi: 

10.1016/j.wear.2004.09.054. 

[90] K. Friedrich, “Wear Models for Multiphase Materials and Synergistic 

Effects in Polymeric Hybrid Composites,” in Advances in Composite 

Tribology, vol. 8, Amsterdam: Elsevier, 1993, pp. 209–273. doi: 

10.1016/B978-0-444-89079-5.50010-6. 

[91] E. Quaranta and P. Davies, “Emerging and Innovative Materials for 

Hydropower Engineering Applications: Turbines, Bearings, Sealing, 

Dams and Waterways, and Ocean Power,” Engineering, vol. 8, pp. 148–

158, Jan. 2022, doi: 10.1016/j.eng.2021.06.025. 

[92] B. Vishwanath, A. P. Verma, and C. V. S. K. Rao, “Effect of reinforcement 

on friction and wear of fabric reinforced polymer composites,” Wear, vol. 

167, no. 2, pp. 93–99, Aug. 1993, doi: 10.1016/0043-1648(93)90313-B. 

[93] J. C. Arnold, “Environmental Effects on Crack Growth in Composites,” in 

Comprehensive Structural Integrity, Elsevier, 2007, pp. 428–470. doi: 

10.1016/B978-008043749-1/00318-8. 

[94] I. A. Mahmood, W. A. Sound, and O. S. Abdullah, “Effects of Different 

Types of Fillers on Dry Wear Characteristics of Carbon-Epoxy 

Composite,” Al-Khwarizmi Engineering Journal (Alkej), vol. 9, no. 2, pp. 

85–93, 2013. 

[95] R. Das, A. J. Pattanayak, and S. K. Swain, “Polymer nanocomposites for 

sensor devices,” in Polymer-based Nanocomposites for Energy and 



Chapter 7: References 

130 

Environmental Applications, Elsevier, 2018, pp. 205–218. doi: 

10.1016/B978-0-08-102262-7.00007-6. 

[96] A. Dhillon and D. Kumar, “Recent advances and perspectives in polymer-

based nanomaterials for Cr(VI) removal,” in New Polymer 

Nanocomposites for Environmental Remediation, Elsevier, 2018, pp. 29–

46. doi: 10.1016/B978-0-12-811033-1.00002-0. 

[97] M. A. Tofighy and T. Mohammadi, “Carbon nanotubes-polymer 

nanocomposite membranes for pervaporation,” in Polymer 

Nanocomposite Membranes for Pervaporation, Elsevier, 2020, pp. 105–

133. doi: 10.1016/B978-0-12-816785-4.00005-7. 

[98] K. Pielichowski and K. Pielichowska, “Polymer Nanocomposites,” 2018, 

pp. 431–485. doi: 10.1016/B978-0-444-64062-8.00003-6. 

[99] T. K. Gupta and S. Kumar, “Fabrication of Carbon Nanotube/Polymer 

Nanocomposites,” in Carbon Nanotube-Reinforced Polymers, Elsevier, 

2018, pp. 61–81. doi: 10.1016/B978-0-323-48221-9.00004-2. 

[100] J. X. Chan et al., “Effect of Nanofillers on Tribological Properties of 

Polymer Nanocomposites: A Review on Recent Development,” Polymers 

(Basel), vol. 13, no. 17, p. 2867, Aug. 2021, doi: 10.3390/polym13172867. 

[101] L. Chang, Z. Zhang, H. Zhang, and K. Friedrich, “Effect of nanoparticles 

on the tribological behaviour of short carbon fibre reinforced 

poly(etherimide) composites,” Tribology International, vol. 38, no. 11–

12, pp. 966–973, Nov. 2005, doi: 10.1016/j.triboint.2005.07.026. 

[102] S. A. Haddadi, A. R. S.A., M. Amini, and A. Kheradmand, “In-situ 

preparation and characterization of ultra-high molecular weight 

polyethylene/diamond nanocomposites using Bi-supported Ziegler-Natta 

catalyst: Effect of nanodiamond silanization,” Materials Today 

Communications, vol. 14, pp. 53–64, Mar. 2018, doi: 

10.1016/j.mtcomm.2017.12.011. 

[103] M. R. Ayatollahi, E. Alishahi, S. Doagou-R, and S. Shadlou, “Tribological 

and mechanical properties of low content nanodiamond/epoxy 

nanocomposites,” Composites Part B: Engineering, vol. 43, no. 8, pp. 

3425–3430, Dec. 2012, doi: 10.1016/j.compositesb.2012.01.022. 

[104] H. Ganjoo Haghighi, “Guide vane bearings and guide vane seals of power 

turbine,” Energietechnik und Thermodynamik, Vienna University of 

Technology, Vienna, 2011. [Online]. Available: 

http://www.ub.tuwien.ac.at 

[105] “Selection of suitable bearing material for Aswan high dam turbine wicket 

gate stem bushings by Bureau of reclamation hydraulic machinery 

section,” Denver, Colorado, USA, Jul. 1992. Accessed: Apr. 23, 2022. 

[Online]. Available: 

https://www.usbr.gov/tsc/techreferences/hydraulics_lab/pubs/PAP/PAP-

0613.pdf 



Chapter 7: References 

131 

[106] J. A. Jones, R. A. Palylyk, P. Willis, and R. A. Weber, “Greaseless 

Bushings for Hydropower Applications: Program, Testing, and Results,” 

1999. 

[107] G. Ren and J. Feng, “Friction and Wear Characteristics of ThorPlas 

Bearings and Their Application in Hydro Turbines,” in Conference 

Proceedings of Hydro Vision International, Jul. 2011, pp. 1–10. Accessed: 

Apr. 03, 2022. [Online]. Available: 

https://thordonbearings.com/docs/default-source/hydro-power/technical-

papers/friction-and-wear-characteristics-of-thorplas-bearings-and-their-

applications-in-hydro-turbines.pdf?sfvrsn=bb56a796_8 

[108] J. Ukonsaari and B. Prakash, “Performance and surface characteristics of 

slow oscillating journal bearing types subjected to various motion pattern,” 

2013. Accessed: Apr. 23, 2022. [Online]. Available: 

https://thordonbearings.com/docs/default-source/hydro-power/technical-

papers/vattenfall_lulea-university---performance-characteristics-of-slow-

oscillating-journal-bearings.pdf?sfvrsn=2a5789f5_8 

[109] J. Ukonsaari, “An oscillating steel shaft loaded on lubricated journal 

bearings with water and an environmentally adapted lubricant (EAL),” 

Jun. 2004. 

[110] K. Berglund and Y. Shi, “Friction and Wear of Self-Lubricating Materials 

for Hydropower Applications under Different Lubricating Conditions,” 

Lubricants, vol. 5, no. 3, p. 24, Jul. 2017, doi: 10.3390/lubricants5030024. 

[111] J. Somberg et al., “Tribological characterisation of polymer composites 

for hydropower bearings: Experimentally developed versus commercial 

materials,” Tribology International, vol. 162, Oct. 2021, doi: 

10.1016/j.triboint.2021.107101. 

[112] P. Saravanan and N. Emami, “Sustainable tribology: Processing and 

characterization of multiscale thermoplastic composites within 

hydropower applications,” in Tribology of Polymer Composites, Elsevier, 

2021, pp. 241–277. doi: 10.1016/B978-0-12-819767-7.00013-X. 

[113] G. Ren and I. Muschta, “Challenging edge loading: a case for 

homogeneous polymer bearings for guidevanes,” Hydropower & Dams, 

no. 6, pp. 121–125, 2010. 

[114] E. Wurm, A. Rammler, H. Lindsjö, and M. Leponen, “Design of oil free 

Kaplan runners,” 2014. 

[115] J. Elhag, “Self-Lubricating Bearings: Development of Test Method for 

Evaluation of Ageing Mechanisms,” Masters Thesis, Luleå University of 

Technology, Luleå, Sweden, 2015. 

[116] J. K. Lancaster, “Lubrication by Transferred Films of Solid Lubricants,” 

A S L E Transactions, vol. 8, no. 2, pp. 146–155, Jan. 1965, doi: 

10.1080/05698196508972088. 

[117] J. K. Lancaster, “Carbon fibres in tribology,” Mar. 1970. 



Chapter 7: References 

132 

[118] V. K. Jain and S. Bahadur, “Surface Topography Changes in Polymer-

Metal Sliding - I,” Journal of Lubrication Technology, vol. 102, no. 4, pp. 

520–525, Oct. 1980, doi: 10.1115/1.3251589. 

[119] J. Song, X. Liu, G. Zhao, Q. Ding, and J. Qiu, “Effect of surface roughness 

and reciprocating time on the tribological properties of the polyimide 

composites,” Polymer Engineering and Science, vol. 59, no. 3, pp. 483–

489, Mar. 2019, doi: 10.1002/pen.24948. 

[120] S. Frlic, “Tribological Behaviour of Polymer Materials for Gear 

Applications,” Luleå, 2016. 

[121] M. Petrica, B. Duscher, T. Koch, and V.-M. Archodoulaki, “Impact of 

surface roughness and contact pressure on wear behaviour of PEEK, POM, 

and PE-UHMW,” 2017. 

[122] A. I. G. Lloyd and R. E. J. Noel, “The effect of counterface surface 

roughness on the wear of UHMWPE in water and oil-in-water emulsion,” 

1988. 

[123] M. Mofidi and B. Prakash, “Influence of counterface topography on 

sliding friction and wear of some elastomers under dry sliding conditions,” 

Proceedings of the Institution of Mechanical Engineers, Part J: Journal of 

Engineering Tribology, vol. 222, no. 5, pp. 667–673, Aug. 2008, doi: 

10.1243/13506501JET392. 

[124] A. Golchin, K. Friedrich, A. Noll, and B. Prakash, “Influence of counter 

surface topography on the tribological behavior of carbon-filled PPS 

composites in water,” Tribology International, vol. 88, pp. 209–217, Aug. 

2015, doi: 10.1016/j.triboint.2015.03.023. 

[125] C. M. Pooley and D. Tabor, “Friction and molecular structure: the 

behaviour of some thermoplastics,” Proceedings of the Royal Society of 

London. A. Mathematical and Physical Sciences, vol. 329, no. 1578, pp. 

251–274, Aug. 1972, doi: 10.1098/rspa.1972.0112. 

[126] V. Quaglini, P. Dubini, D. Ferroni, and C. Poggi, “Influence of counterface 

roughness on friction properties of engineering plastics for bearing 

applications,” Materials & Design, vol. 30, no. 5, pp. 1650–1658, May 

2009, doi: 10.1016/j.matdes.2008.07.025. 

[127] J. P. Giltrow and J. K. Lancaster, “The role of the counterface in the 

friction and wear of carbon fibre reinforced thermosetting resins,” Wear, 

vol. 16, no. 5, pp. 359–374, Nov. 1970, doi: 10.1016/0043-

1648(70)90102-X. 

[128] K. Marcus, A. Ball, and C. Allen, “The effect of grinding direction on the 

nature of the transfer film formed during the sliding wear of ultrahigh 

molecular weight polyethylene against stainless steel,” Wear, vol. 151, no. 

2, pp. 323–336, Dec. 1991, doi: 10.1016/0043-1648(91)90259-W. 

[129] M. D. Placette, S. Roy, D. White, S. Sundararajan, and C. J. Schwartz, 

“The effect of surface roughness orientation on PEEK 

(polyetheretherketone) transfer film volume in multi-directional and linear 



Chapter 7: References 

133 

sliding,” Wear, vol. 426–427, pp. 1345–1353, Apr. 2019, doi: 

10.1016/j.wear.2019.01.035. 

[130] M. Ando and J. Sukumaran, “Tribological behavior of composite-steel on 

rolling/sliding contacts for various loads,” in Int. J. Sustain. Constr. Des., 

2011, pp. 29–34. 

[131] H. Unal, U. Sen, and A. Mimaroglu, “Dry sliding wear characteristics of 

some industrial polymers against steel counterface,” Tribology 

International, vol. 37, no. 9, pp. 727–732, Sep. 2004, doi: 

10.1016/j.triboint.2004.03.002. 

[132] S. K. Biswas and K. Vijayan, “Changes to near-surface region of PTFE 

during dry sliding against steel,” 1988. 

[133] Y. Uchiyama and K. Tanaka, “Wear laws for polytetrafluoroethylene,” 

Wear, vol. 58, no. 2, pp. 223–235, Feb. 1980, doi: 10.1016/0043-

1648(80)90152-0. 

[134] B. J. Briscoe, Lin Heng Yao, and T. A. Stolarski, “The friction and wear 

of poly(tetrafluoroethylene)-poly (etheretherketone) composites: An 

initial appraisal of the optimum composition,” Wear, vol. 108, no. 4, pp. 

357–374, Apr. 1986, doi: 10.1016/0043-1648(86)90013-X. 

[135] A. Schelling and H. H. Kausch, “Reciprocating Dry Friction and Wear of 

Short Fibre Reinforced Polymer Composites,” in Advances in Composite 

Tribology, K. Friedrich, Ed. Elsevier Science Publishers B.V., 1993, pp. 

83–90. 

[136] V. Rodriguez, J. Sukumaran, A. K. Schlarb, and P. de Baets, 

“Reciprocating sliding wear behaviour of PEEK-based hybrid 

composites,” Wear, vol. 362–363, pp. 161–169, Sep. 2016, doi: 

10.1016/j.wear.2016.05.024. 

[137] F. van de Velde and P. de Baets, “The friction and wear behaviour of 

polyamide 6 sliding against steel at low velocity under very high contact 

pressures,” Wear, vol. 209, no. 1–2, pp. 106–114, Aug. 1997, doi: 

10.1016/S0043-1648(96)07500-X. 

[138] D. N. F. Mahmud, M. F. bin Abdollah, N. A. bin Masripan, N. Tamaldin, 

and H. Amiruddin, “Influence of contact pressure and sliding speed 

dependence on the tribological characteristics of an activated carbon-

epoxy composite derived from palm kernel under dry sliding conditions,” 

Friction, vol. 7, no. 3, pp. 227–236, Jun. 2019, doi: 10.1007/s40544-018-

0205-y. 

[139] D. Play, “Simulating contact conditions in dry bearings,” Tribology 

International, vol. 11, no. 5, pp. 295–301, Oct. 1978, doi: 10.1016/0301-

679X(78)90061-0. 

[140] J. K. Lancaster, R. W. Bramham, D. Play, and R. Waghorne, “Effects of 

Amplitude of Oscillation on the Wear of Dry Bearings Containing PTFE,” 

Journal of Lubrication Technology, vol. 104, no. 4, pp. 559–567, Oct. 

1982, doi: 10.1115/1.3253288. 



Chapter 7: References 

134 

[141] D. Play, “Mutual Overlap Coefficient and Wear Debris Motion in Dry 

Oscillating Friction and Wear Tests,” A S L E Transactions, vol. 28, no. 4, 

pp. 527–535, Jan. 1985, doi: 10.1080/05698198508981651. 

[142] T. A. Blanchet and F. E. Kennedy, “Effects of Oscillatory Speed and 

Mutual Overlap on the Tribological Behavior of PTFE and Selected PTFE-

based Self-Lubricating Composites,” Tribology Transactions, vol. 34, no. 

3, pp. 327–334, Jan. 1991, doi: 10.1080/10402009108982041. 

[143] “Introduction to tribology of polymer composites,” in Tribology of 

Natural Fiber Polymer Composites, Elsevier, 2008, pp. 59–83. doi: 

10.1533/9781845695057.59. 

[144] H. Pıhtılı and N. Tosun, “Effect of load and speed on the wear behaviour 

of woven glass fabrics and aramid fibre-reinforced composites,” Wear, 

vol. 252, no. 11–12, pp. 979–984, Jul. 2002, doi: 10.1016/S0043-

1648(02)00062-5. 

[145] Z. Domitran, D. Žeželj, and B. Katana, “Influence of contact pressure and 

sliding speed on the temperature and coefficient of friction in sliding 

contact between two PET samples,” Tehnicki vjesnik - Technical Gazette, 

vol. 23, no. 2, Apr. 2016, doi: 10.17559/TV-20151124163215. 

[146] W. Brostow, V. Kovačević, D. Vrsaljko, and J. Whitworth, “Tribology of 

polymers and polymer-based composites,” Journal of Materials 

Education, vol. 32, no. 5–6, pp. 273–290, 2010. 

[147] M. Opalic, Z. Domitran, and B. Katana, “Comparison of antifriction 

properties of polymer composites and bronze,” Teh. Vjesn., vol. 21, pp. 

1089–1095, 2014. 

[148] T. Tevrüz, “Tribological behaviours of carbon filled 

polytetrafluoroethylene (PTFE) dry journal bearings,” Wear, vol. 221, no. 

1, pp. 61–68, Oct. 1998, doi: 10.1016/S0043-1648(98)00258-0. 

[149] B. Chen, J. Wang, and F. Yan, “Friction and Wear Behaviors of Several 

Polymers Sliding Against GCr15 and 316 Steel Under the Lubrication of 

Sea Water,” Tribology Letters, vol. 42, no. 1, pp. 17–25, Apr. 2011, doi: 

10.1007/s11249-010-9743-9. 

[150] B. J. Briscoe and S. K. Sinha, “Wear of polymers,” Proceedings of the 

Institution of Mechanical Engineers, Part J: Journal of Engineering 

Tribology, vol. 216, no. 6, pp. 401–413, Jun. 2002, doi: 

10.1243/135065002762355325. 

[151] Y. Q. Wang and J. Li, “Sliding wear behavior and mechanism of ultra-

high molecular weight polyethylene,” Materials Science and Engineering: 

A, vol. 266, no. 1–2, pp. 155–160, Jun. 1999, doi: 10.1016/S0921-

5093(99)00040-4. 

[152] J. Sukumaran, M. Ando, V. Rodriguez, and P. de Baets, “Effect of velocity 

on roll/slip for low and high load conditions in polymer composite,” in Int. 

J. Sustain. Constr. Des., 2011, pp. 122–127. 



Chapter 7: References 

135 

[153] U. Roos, K. Laal Riahi, and A. Linker, “Plastic glide layer and sliding 

element with such (U.S. Patent No. 8,357,622),” 2013 Accessed: Apr. 03, 

2022. [Online]. Available: https://patents.justia.com/patent/8357622 

[154] “deva.tex® sliding bearings: Maintenance-free, self-lubricating.” 

Accessed: Apr. 03, 2022. [Online]. Available: http://deva.de/en/manuals 

[155] “ThorPlas®Bearings Engineering Manual Version: TP2006.1.” Thordon 

Bearings Inc., Burlington, Ontario, Canada, 2006. 

[156] “Material data sheet W87.00 deva.tex®. Edition 17.08.2021. Received 

from Federal-Mogul Deva GmbH.” Aug. 17, 2021. 

[157] “Orkot® TLM & TXM Marine Bearings.” Accessed: Apr. 03, 2022. 

[Online]. Available: http://www.orkot.com/-/media/tss-media-

repository/orkot/pdfs/marine_txmm__tlmm_brochure.pdf 

[158] “ThorPlas Bearings Engineering Manual, Version: TP 2019.1.” 2019. 

Accessed: Apr. 03, 2022. [Online]. Available: 

https://thordonbearings.com/docs/default-

source/design/thorplas_engineering_manual.pdf?sfvrsn=f6c5c09a_42 

[159] “Steel Grade SS 2333 Chemical information, Mechanical properties.” 

http://www.steel-grades.com/Steel-Grades/Special-

Alloy/68/4552/SS_SS_2333.pdf (accessed Apr. 04, 2022). 

[160] “Steel Grade SS 2387 Chemical information, Mechanical properties.” 

https://www.steel-grades.com/Steel-Grades/Special-Alloy/68/4583/SS-

SS-2387.pdf (accessed Apr. 04, 2022). 

[161] E. Engström et al., “Effects of sample preparation and calibration strategy 

on accuracy and precision in the multi-elemental analysis of soil by sector-

field ICP-MS,” in Journal of Analytical Atomic Spectrometry, 2004, vol. 

19, no. 7, pp. 858–866. doi: 10.1039/b315283a. 

[162] A. E. Böyükbayram and M. Volkan, “Cloud point preconcentration of 

germanium and determination by hydride generation atomic absorption 

spectrometry,” Spectrochimica Acta Part B: Atomic Spectroscopy, vol. 55, 

no. 7, pp. 1073–1080, Jul. 2000, doi: 10.1016/S0584-8547(00)00233-0. 

[163] R. R. Moskalyk, “Review of germanium processing worldwide,” Minerals 

Engineering, vol. 17, no. 3, pp. 393–402, Mar. 2004, doi: 

10.1016/j.mineng.2003.11.014. 

[164] K. R. Markinson and D. Tabor, “The friction and transfer of 

polytetrafluoroethylene,” Proceedings of the Royal Society of London. 

Series A. Mathematical and Physical Sciences, vol. 281, no. 1384, pp. 49–

61, Aug. 1964, doi: 10.1098/rspa.1964.0168. 

[165] G. De-Li, Z. Bing, X. Qun-Ji, and W. Hong-Li, “Effect of tribochemical 

reaction of polytetrafluoroethylene transferred film with substrates on its 

wear behaviour,” Wear, vol. 137, no. 2, pp. 267–273, May 1990, doi: 

10.1016/0043-1648(90)90139-2. 



Chapter 7: References 

136 

[166] M. Conte and A. Igartua, “Study of PTFE composites tribological 

behavior,” Wear, vol. 296, no. 1–2, pp. 568–574, Aug. 2012, doi: 

10.1016/j.wear.2012.08.015. 

[167] Z. Jia, Y. Yang, J. Chen, and X. Yu, “Influence of serpentine content on 

tribological behaviors of PTFE/serpentine composite under dry sliding 

condition,” Wear, vol. 268, no. 7–8, pp. 996–1001, Mar. 2010, doi: 

10.1016/j.wear.2009.12.009. 

[168] S. v Levchik and E. D. Weil, “Flame retardancy of thermoplastic 

polyesters?a review of the recent literature,” Polymer International, vol. 

54, no. 1, pp. 11–35, Jan. 2005, doi: 10.1002/pi.1663. 

[169] R. F. Smith, “Friction and Wear Characteristics of Silicone-Modified 

Thermoplastics,” Feb. 1976. doi: 10.4271/760371. 

[170] R. Buch, W. Page, and D. Romenesko, “Silicone-Based Additives for 

Thermoplastic Resins Providing ...” 

https://www.yumpu.com/en/document/view/10924413/silicone-based-

additives-for-thermoplastic-resins-providing- (accessed May 04, 2022). 

[171] M. P. Wolverton and J. E. Theberge, “Plastic-On-Plastic Tribological 

Properties of Thermoplastic Composites,” Journal of Elastomers & 

Plastics, vol. 13, no. 2, pp. 97–107, Apr. 1981, doi: 

10.1177/009524438101300203. 

[172] J. Bell, “Wear Resistant Thermoplastic Compounds.” 

https://www.sintef.no/globalassets/project/ffs/dokumenter/seminar-

april2011/wear-resistant-thermoplastics-april2011.pdf (accessed May 04, 

2022). 

[173] S. P. Borkar, V. Senthil Kumar, and S. S. Mantha, “Effect of silica and 

calcium carbonate fillers on the properties of woven glass fibre 

composites,” Indian Journal of Fibre & Textile Research, vol. 32, pp. 251–

253, 2007. 

[174] W. Akram, S. K. Chaturvedi, and S. M. Ali, “Comparative study of 

mechanical properties of E-glass/epoxy composite materials with Al2O3, 

CaCo3, SiO2 and PBO fillers,” International Journal of Engineering 

Research & Technology, vol. 2, no. 7, pp. 1029–1034, Jul. 2013. 

[175] N. Anjum, S. L. Ajit Prasad, and B. Suresha, “Role of Silicon Dioxide 

Filler on Mechanical and Dry Sliding Wear Behaviour of Glass-Epoxy 

Composites,” Advances in Tribology, vol. 2013, pp. 1–10, 2013, doi: 

10.1155/2013/324952. 

[176] J. M. Salla, A. Cadenato, X. Ramis, and J. M. Morancho, “Thermoset Cure 

Kinetics by Isoconversional Methods,” Journal of Thermal Analysis and 

Calorimetry, vol. 56, no. 2, pp. 771–781, 1999, doi: 

10.1023/A:1010158223347. 

[177] J. J. Chruściel and E. Leśniak, “Modification of epoxy resins with 

functional silanes, polysiloxanes, silsesquioxanes, silica and silicates,” 



Chapter 7: References 

137 

Progress in Polymer Science, vol. 41, pp. 67–121, Feb. 2015, doi: 

10.1016/j.progpolymsci.2014.08.001. 

[178] S. Ma, W. Liu, D. Yu, and Z. Wang, “Modification of epoxy resin with 

polyether-grafted-polysiloxane and epoxy-miscible polysiloxane 

particles,” Macromolecular Research, vol. 18, no. 1, pp. 22–28, Jan. 2010, 

doi: 10.1007/s13233-009-0053-8. 

[179] M. Watanabe and A. Narukawa, “Determination of impurity elements in 

high purity graphite by inductively coupled plasma atomic emission 

spectrometry after microwave decomposition,” Analyst, vol. 125, no. 6, 

pp. 1189–1191, 2000, doi: 10.1039/b001608j. 

[180] A. Ambrosi, S. Y. Chee, B. Khezri, R. D. Webster, Z. Sofer, and M. 

Pumera, “Metallic Impurities in Graphenes Prepared from Graphite Can 

Dramatically Influence Their Properties,” Angewandte Chemie 

International Edition, vol. 51, no. 2, pp. 500–503, Jan. 2012, doi: 

10.1002/anie.201106917. 

[181] A. Ambrosi, C. K. Chua, B. Khezri, Z. Sofer, R. D. Webster, and M. 

Pumera, “Chemically reduced graphene contains inherent metallic 

impurities present in parent natural and synthetic graphite,” Proceedings 

of the National Academy of Sciences, vol. 109, no. 32, pp. 12899–12904, 

Aug. 2012, doi: 10.1073/pnas.1205388109. 

[182] T. Miyatani, H. Suzuki, and O. Yoshimoto, “Quantitative analysis of trace 

amounts of impurities contaminating pure graphite with ICP-MS and 

metal atomizer FLAAS,” 1993. 

[183] A. Fisli et al., “Determination of Elements in Acid Leaching of Graphite 

Using Instrumental Neutron Activation Analysis,” International Journal 

of Chemistry, vol. 12, no. 1, p. 89, Dec. 2019, doi: 10.5539/ijc.v12n1p89. 

[184] D. Mustika et al., “Current Status of Purification of Indonesian Natural 

Graphite as a Candidate for Nuclear Fuel Matrix by Hydrometallurgy and 

Pyrometallurgy Methods,” Journal of Physics: Conference Series, vol. 

2048, no. 1, p. 012021, Oct. 2021, doi: 10.1088/1742-

6596/2048/1/012021. 

[185] G. Zhang, J. Cheng, L. Shi, X. Lin, and J. Zhang, “Study on curing kinetics 

of diallyl-bearing epoxy resin using sulfur as curing agent,” 

Thermochimica Acta, vol. 538, pp. 36–42, Jun. 2012, doi: 

10.1016/j.tca.2012.03.012. 

[186] Z.-B. Shao, Z.-C. Tang, X.-Z. Lin, J. Jin, Z.-Y. Li, and C. Deng, 

“Phosphorus/sulfur-containing aliphatic polyamide curing agent 

endowing epoxy resin with well-balanced flame safety, transparency and 

refractive index,” Materials & Design, vol. 187, p. 108417, Feb. 2020, doi: 

10.1016/j.matdes.2019.108417. 

[187] M. Xu, W. Zhao, B. Li, K. Yang, and L. Lin, “Synthesis of a phosphorus 

and sulfur-containing aromatic diamine curing agent and its application in 



Chapter 7: References 

138 

flame retarded epoxy resins,” Fire and Materials, vol. 39, no. 5, pp. 518–

532, Aug. 2015, doi: 10.1002/fam.2252. 

[188] S. Kim, E. Shin, and J. Chung, “Determination of antimony (Sb) in 

polymers using high performance asher and inductively coupled plasma 

atomic emission spectrometry (ICPAES),” Feb. 2009. 

[189] C. E. Carraher, “Antimony-Containing Polymers,” in Inorganic and 

Organometallic Macromolecules, New York, NY: Springer New York, 

2008, pp. 405–419. doi: 10.1007/978-0-387-72947-3_16. 

[190] U. K. Dwivedi and N. Chand, “Influence of Fibre Orientation on Friction 

and Sliding Wear Behaviour of Jute Fibre Reinforced Polyester 

Composite,” Applied Composite Materials, vol. 16, no. 2, pp. 93–100, 

Apr. 2009, doi: 10.1007/s10443-008-9079-x. 

[191] N. Chand and U. K. Dwivedi, “Sliding wear and friction characteristics of 

sisal fibre reinforced polyester composites: Effect of silane coupling agent 

and applied load,” Polymer Composites, vol. 29, no. 3, pp. 280–284, Mar. 

2008, doi: 10.1002/pc.20368. 

[192] H. Unal, A. Mimaroglu, and T. Arda, “Friction and wear performance of 

some thermoplastic polymers and polymer composites against unsaturated 

polyester,” Applied Surface Science, vol. 252, no. 23, pp. 8139–8146, Sep. 

2006, doi: 10.1016/j.apsusc.2005.10.047. 

[193] P. Samyn, J. Quintelier, W. Ost, P. de Baets, and G. Schoukens, “Sliding 

behaviour of pure polyester and polyester-PTFE filled bulk composites in 

overload conditions,” Polymer Testing, vol. 24, no. 5, pp. 588–603, Aug. 

2005, doi: 10.1016/j.polymertesting.2005.02.012. 

[194] X. Fang, J. Mao, E. M. Levin, and K. Schmidt-Rohr, “Nonaromatic 

Core−Shell Structure of Nanodiamond from Solid-State NMR 

Spectroscopy,” J Am Chem Soc, vol. 131, no. 4, pp. 1426–1435, Feb. 2009, 

doi: 10.1021/ja8054063. 

[195] K. Friedrich, Advances in composite tribology. Amsterdam: Elsevier, 

1993. 

[196] I. Hutchings, Tribology: Friction and wear of engineering materials. 

London: CRC Press, 1992. 

  

 



 

139 

Appended Papers 

 



 

 

  



 

 

 

 

Paper A 

  



 

 

  



lubricants

Article

Material Characterization and Influence of Sliding
Speed and Pressure on Friction and Wear Behavior
of Self-Lubricating Bearing Materials for
Hydropower Applications

Maria Rodiouchkina 1,* ID , Kim Berglund 1 ID , Johanne Mouzon 2, Fredrik Forsberg 3,

Faiz Ullah Shah 4 ID , Ilia Rodushkin 5 and Roland Larsson 1

1 Division of Machine Elements, Luleå University of Technology, 971 87 Luleå, Sweden;
Kim.Berglund@ltu.se (K.B.); Roland.Larsson@ltu.se (R.L.)

2 Division of Chemical Engineering, Luleå University of Technology, 971 87 Luleå, Sweden;
Johanne.Mouzon@ltu.se

3 Division of Fluid and Experimental Mechanics, Luleå University of Technology, 971 87 Luleå, Sweden;
Fredrik.Forsberg@ltu.se

4 Division of Chemistry of Interfaces, Luleå University of Technology, 971 87 Luleå, Sweden; Faiz.Ullah@ltu.se
5 ALS Laboratory Group, ALS Scandinavia AB, Aurorum 10, 977 75 Luleå, Sweden;

Ilia.Rodushkin@alsglobal.com
* Correspondence: maria.rodiouchkina@ltu.se; Tel.: +46-730-941-097

Received: 16 March 2018; Accepted: 20 April 2018; Published: 24 April 2018
����������
�������

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.



Lubricants 2018, 6, 39 18 of 30

 
(a) 

 
(b) 

500 µm 10 kV 500 µm 10 kV 

 
(c) 

 
(d) 

500 µm 500 µm 10 kV 10 kV 

I 

II 

III IV 

 
(e) 

 
(f) 

500 µm 10 kV 500 µm 10 kV 

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.



Lubricants 2018, 6, 39 21 of 30

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.
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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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Tribological behaviour and transfer layer development of self-lubricating 
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A B S T R A C T   

Fibre-reinforced thermosets and thermoplastics containing PTFE are commonly used in marine and hydropower 
applications due to their self-lubricating ability in both dry and water lubricated contacts. The constant devel-
opment of such composite bearings over the last decades make them even more attractive in these fields of 
application, due to their low maintenance cost and long service life. Their tribological performance is usually 
estimated by extrapolation of short, accelerated tests, which may induce risks of inaccurate or even incorrect 
interpretation. 

In this work, reciprocating dry sliding behaviour of these materials against stainless steel is investigated under 
typical hydropower conditions. The aim is to study the wear and friction behaviour and the development of 
transfer layers during long sliding tests, corresponding to years of operation. In order to mimic operational 
shutdowns, the tests are stopped every 20 h and the counter surfaces are examined using 3D optical interfer-
ometry and SEM to study development of surface topography and transfer layers. 

Test results show that the wear rates of both materials decrease significantly with time. For the thermoplastic, 
COF decreases with time due to accelerated material transfer observed after 80 h. In contrast, much less material 
transfer is observed for the fibre-reinforced thermoset, which shows its highest transfer amount after 20 h. 
Surface analysis indicates severe abrasive wear of the counter surface caused by the wear debris from steel and 
reinforcements in the material and is accompanied by simultaneous COF increase for the thermoset. Cross- 
sectional analysis reveals thinner transfer layers and higher wear of the steel in the middle of the wear tracks, 
where the sliding speed and number of load cycles are highest. These findings contribute to a more accurate 
interpretation of results obtained than that of short time tests regarding the tribological performance of these 
materials. As a direct conclusion, the selection of counter surface material can be crucial.   

1. Introduction 

Renewable energy sources, including hydro, wind, solar, biofuels 
and others, have grown rapidly in recent years and are a key factor of the 
transition to a less carbon-intensive and more sustainable energy sys-
tem. Hydropower is the largest renewable energy source contributing to 
over 60% of the global renewable electricity in 2019 [1]. The increase in 
renewable energy sources is driven by policy support and cost re-
ductions for solar photovoltaics and wind power in particular [1]. 
However, as most of the variable renewable energy sources are 

intermittent in nature, with unpredictable output, including them in 
existing power grids requires active control of the power output. As 
hydropower plants can go from zero to maximum production in seconds, 
they shoulder a large portion of the regulation and balancing duty in 
many power systems [2], leading to a higher number of start/stop cycles 
[3]. The majority of hydropower plants have been designed for very 
different operating conditions [4] and the new requirements may lead to 
turbine failure and reduced productivity [5]. 

The bearings for the turbine blades and the guide vanes are among 
the most critical components affected by the increased control of the 
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plants. End users have experienced several bearing failures in turbines 
operating under these more demanding conditions [3]. The bearings 
used for control of the turbines are boundary lubricated and operating in 
extreme conditions with high contact pressures and low sliding speeds 
with small oscillatory movements. It has been reported that the 
increased control multiplies the number of load cycles, which can lead to 
a reduction of the bearing service life by a factor of about 20 [6] due to a 
longer accumulated sliding distance. Therefore, proper material selec-
tion for the bearings is crucial to ensure robust performance of hydro-
power plants. Furthermore, the estimated service life of the bearings in 
hydropower plants is 40 years and it is therefore important to study their 
tribological performance under long duration sliding. 

Despite its importance, only a limited number of studies have been 
reported investigating the tribological behaviour of commercially 
available self-lubricating polymer composite bearing materials used for 
hydropower applications [3,7–12]. Jones et al. [7] proposed a rating 
system for several commercially available bearing materials based on an 
extensive study of coefficients of friction and wear rates in both dry and 
water lubricated conditions. The reported coefficients of friction and 
wear rates were, however, calculated based on data obtained between 
80 and 140 h leaving out the information about the behaviour during 
more than the first half of the experiments. Gawarkiewicz and Wasilczuk 
[8] reported wear rates and coefficients of friction of four bearing ma-
terials under operating conditions simulating guide vane bearing oper-
ation. On the basis of monitoring in hydropower plants it was found that 
small oscillatory movements is the most important component contrib-
uting to the sliding distance and that the real sliding distance tends to be 
smaller than the apparent one. Jones [7] as well as Gawarkiewicz and 
Wasilczuk [8] performed long duration tests but did not report infor-
mation on the changes of friction and wear during the test. In addition, 
both studies lack surface analysis of transfer layers and possible wear 
and friction mechanisms were not discussed. 

Two commonly used materials for bearings in a hydropower turbine 
are Thordon ThorPlas Blue (ThorPlas) and Orkot TXM Marine (Orkot). 
These two materials are used for a wide range of applications such as 
hydropower, marine, offshore as well as oil and gas industry. For Orkot, 
Jones [7] reported 29% lower static coefficient of friction and 2.5 times 
higher wear rate under water lubrication compared to dry sliding. 
However, no changes in the dynamic coefficient of friction were 
observed. Others have studied the effect of contact pressure and sliding 
speed on the tribological performance of ThorPlas [9,12] and Orkot 
[10–12]. The general observation is a decrease in coefficient of friction 
with increased nominal contact pressure, which was attributed to 
presence of solid lubricants [12]. An increase in specific wear rate with 
increased sliding speed has been reported and is believed to be caused by 
the thermal softening of the polymer leading to a higher degree of 
deformation especially under lower nominal contact pressures (9–19 
MPa) [12]. Others reported an increase in friction with increased sliding 
speed [10,11]. However, a continuous motion and high sliding speeds 
were used in the two latter studies and thus not fully transferable to the 
operating conditions typical for turbine blades and guide vanes. 
Furthermore, the wear rates were not discussed. 

The development of transfer layers and their role in polymer 
tribology has previously been summarized by Bahadur [13] and Ye et al. 
[14]. The transfer layers have a significant effect on friction and wear 
behaviour during polymer-metal sliding. The transfer layers protect the 
softer polymer surface from the hard metal asperities and can also act as 
a lubricant contributing to a lower coefficient of friction [13]. Briscoe 
and Tabor [15] reported two different behaviours regarding formation 
of transfer layers for a variety of polymers. These were either relatively 
thick layers, 0.1–1.0 mm, termed as normal behaviour, or much thinner 
layers. According to Wheele [16], the latter is restricted to low sliding 
speeds, intermediate temperatures and smooth surfaces. The thicker 
transfer layers can result in both an increase or decrease of the wear rate. 
The transfer of material from polymer to metal initiates due to adhesion 
and may contribute to increased shear stresses in the subsurface region. 

However, it is not clear why transfer layers are selectively formed and 
what governs the stability and thickness of these films during repetitive 
sliding [13]. Transfer layers are often worn away during sliding, limiting 
their ability to protect the solid lubricant against contact with the 
counter surface and the wear reduction mechanism in these cases may 
be due to reinforcement mechanisms [14]. 

Despite the importance of transfer layers on the tribological behav-
iour, the underlying mechanisms behind their formation and breakdown 
are still not fully understood. 

Hence, the present paper aims to study the tribological performance 
and development of transfer layers of self-lubricating polymer com-
posites bearing materials sliding against stainless steel through inter-
rupted long duration sliding tests. 

2. Experimental details 

In the following section, the materials and methods used for tribo-
logical characterization and surface analysis are described. 

2.1. Materials and sample preparation 

In this study, two commercially available self-lubricating polymer 
composites bearing materials were investigated. The first material, 
Thordon ThorPlas Blue (ThorPlas), is a homogeneous thermoplastic 
polymer blend made by compounding several resins with additives and 
solid lubricants. The resulting material is a mixture of a thermoplastic 
aromatic polymer containing two types of solid lubricants, silicone- 
based additives and spherically shaped PTFE inclusions, evenly 
dispersed throughout the material. The second material, Orkot TXM 
Marine (Orkot), is a PTFE and polyester interwoven fabric reinforced 
thermoset material incorporated with finely dispersed MoS2 and PTFE 
solid lubricants. In addition, calcium carbonate (CaCO3) is used as a 
filler in the material. The properties of the bearing materials are listed in 
Table 1. A more detailed analysis of the microstructure and composition 
of the materials is presented in Ref. [12]. 

For the tribological tests, cubic pins (4 × 4 × 4 mm3) were machined 
from the bearing materials. In order to minimize the edge effect and to 
remove machining marks and fibres that protrude from the surface, the 
edges of the load carrying side were manually ground using SiC abrasive 
paper of grit size #600. Afterwards, the polymer pins were cleaned with 
ethanol in an ultrasonic bath for 3 min. 

Austenitic stainless steel plates of SS 2333 grade were used as the 
counter surface in the tribological tests. The chemical composition of the 
stainless steel is shown in Table 2. Plates were laser cut from a cold 
rolled sheet to a dimension of 60 × 30 × 3 mm3 (length x width x height) 
with its surface lay parallel to the sliding direction. The measured areal 
arithmetic average surface roughness (Sa) was 0.24 ± 0.01 μm and the 
hardness was 205 ± 5 HV0.1. The plates were cleaned using ethanol in an 
ultrasonic bath for 7 min prior to the experiments. 

The SEM micrograph in Fig. 1 shows an unworn steel surface. Grain 
boundaries and intergranular corrosion are clearly visible due to pick-
ling of the cold rolled stainless steel plates [19]. The steel surface is not 

Table 1 
Characteristics of the bearing materials.  

Property Unit ThorPlas Orkot 

Density g/cm3 1.40*** 1.25** 
Compressive Modulus of Elasticity MPa 3280* 2800*** 
Tensile Strength MPa 66* 55** 
Compressive Yield Strength MPa 91* 90** 
Hardness:    
Shore D – 83*  
Rockwell M –  90** 
Thermal Conductivity W/m⋅K 0.25*** 0.22*** 
Maximum Operating Temperature ◦C 110* 130*** 

From * [17], ** [18], *** [12]. 
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perfectly flat as there are many irregularities. 

2.2. Experimental setup 

The tribological tests were carried out using a linear reciprocating 
Cameron-Plint tribometer (Plint-TE77, Phoenix Tribology Ltd., New-
bury, England) with a flat-on-flat configuration, see Fig. 2. The stainless 
steel plate was fixed in a lower stationary sample holder and the polymer 
bearing material pin was mounted in the upper linearly reciprocating 
pin holder. The load was applied to the upper pin holder using a spring 
loaded lever system. The friction force was continuously measured by a 
piezo-electric force transducer, located at the lower stationary sample 
holder. The wear of the polymer pin was continuously measured using 
an LVDT (linear variable differential transformer) displacement sensor 
with ±2.5 mm measurement range coupled to the pin holder. 

The reciprocating sliding tests were carried out in dry sliding and 
under ambient conditions. The test parameters are given in Table 3. The 
selected pressure and sliding velocity are in the range of typical 

operating conditions for hydropower applications and were selected 
based on findings from a previous study [12]. One extensive long 
duration test for each material was performed since performing inter-
rupted long duration tests is highly resource-intensive. A possible limi-
tation arisen from limited number of repetitive experiments is the 
knowledge regarding repetitiveness of the material, especially for 
polymer composites. However, the repetitiveness of these specific 
polymer composite materials has been investigated in a previous study 
[12] and showed a small scatter for the coefficient of friction with less 
than 6% deviation from the average values. The standard deviation for 
the specific wear rate was 4% for the thermoset and 21% for the ther-
moplastic. The total test duration for each bearing material was 160 h, 
corresponding to a total sliding distance of 3.6 km. According to a study 
performed by Pereira et al. [3] this sliding distance is equivalent to more 
than 25 years of operation for the guide vane bearing in a Kaplan tur-
bine. To simulate operational shutdowns, the tests were stopped with 20 
h intervals, corresponding to a sliding distance of 450 m or three years of 
operation. After each 20 h interval, the stainless steel counter surfaces 
were analysed with respect to changes in surface topography and 
development of transfer layers before the test continued. 

Specific wear rates were calculated for each 20 h test interval based 
on the in-situ LVDT measurements during the tests. Calculations were 
based on the interval of 1 h after the test had started, until 5 min before 
the test had stopped. The pin specimen height was also measured using a 
micrometer upon completion of the tests. The weight loss of the pin was 
quantified using an electronic weighing balance with a resolution of 
0.01 mg. 

Table 2 
Chemical composition of SS 2333 in wt%, Fe makes up the balance [20].  

C Si Mn P S Cr Ni 

Max 
0.05 

Max 
1.0 

Max 
2.0 

Max 
0.045 

Max 
0.03 

17.0–19.0 8.0–11.0  

Fig. 1. SEM micrograph of an unworn steel surface.  

Fig. 2. Schematic diagram of pin-on-plate test configuration used for recipro-
cating sliding tests. 

Table 3 
Experimental conditions used for the tribological tests.  

Test Parameter Value 

Normal load 420 N 
Nominal surface pressure 26 MPa 
Reciprocating frequency 0.62 Hz 
Sliding velocity 6.2 mm/s 
Stroke amplitude 5 mm 
Test duration 160 (20 × 8) h 
Total sliding distance 3600 m 
Polymer test sample dimension 4 × 4 × 4 mm3 

Counter surface roughness, Sa 0.24 ± 0.01 μm 
Temperature 25 ± 1 ◦C 
Relative humidity 37 ± 5%  

Fig. 3. Friction curve over approximately half of an oscillation cycle illus-
trating typical friction behaviour during tests. 
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2.3. Friction data analysis 

The maximum, average, static (break-away), and dynamic friction 
were calculated for each 20 h test. Fig. 3 illustrates the static and dy-
namic friction coefficients over half a cycle. Following a zero passage of 
the friction coefficient μ, which occurs at t = 0 s in the figure, the static 
friction coefficient μs is defined as the subsequent maximum value of μ. 
The dynamic friction coefficient μd is obtained by calculating the 
average value of the friction coefficient in the interval highlighted in red 
in Fig. 3, with the resulting dynamic friction coefficient shown as the 
black horizontal line. 

2.4. Methodology for surface topography and transfer layer analysis 

In order to study the development of transfer layers as well as active 
wear mechanisms, the worn stainless steel plates were examined before 
and after each 20 h test using scanning electron microscopy (SEM) and 
3D optical profilometry. A JEOL JSM-IT300 LV (Peabody, MA, USA) 
SEM microscope equipped with energy-dispersive X-ray spectrometer 
and a Zygo NewView 7300 (Middlefield, CT, USA) 3D optical profil-
ometer, using 5.5× magnification, were used. 

To reduce the charging effect using SEM and increase the reflection 
of the light during 3D optical profilometry measurements, the polymer 
pins were sputter coated with a 13 nm layer of gold. 

2.5. Cross-sectional analysis 

Transfer layer thickness and microstructure of the worn steel surface 
were investigated using cross-sectional analysis. Local cross-sections 
were prepared by Focused Ion Beam (FIB, FEI Strata DB235, Eind-
hoven, Netherlands), along the longitudinal direction to the sliding di-
rection. The locations for the FIB cross-sections were selected based on 
regions of interest (ROI) identified during surface analysis by SEM (Zeiss 
Merlin, Jena, Germany) and are representative of the material transfer 
behaviour observed for the whole wear track. In order to protect the 
outermost surface from the milling ion beam, a 1 μm protective layer of 
Pt/C was deposited. 

In addition, an overview cross-section of the whole wear track, along 
the longitudinal direction to the sliding direction, was prepared by 
mechanical cutting approximately 1 mm from the right edge of the wear 
track as seen in top view. The cross-sections were mounted in Bakelite 
and thereafter polished and electrolytically etched. Electrolytic etching 
was performed using oxalic acid solution (electrolyte) with 8 g oxalic 
acid and 100 ml of water. The used voltage was 6 V and the total etching 
time was 75 s (15 + 15 + 45 s intervals). 

2.6. Nanoindentation 

The mechanical properties of the transfer layers as well as changes in 
mechanical properties of the steel substrate were characterized using 
nanoindentation. The measurements were conducted using a NanoTest 
Vantage (Micro Materials, Wrexham, United Kingdom) with a diamond 
Berkovich indenter. The tests were carried out at a peak load of 2, 5, and 
200 mN with a holding time (dwell) of 20 s at the maximum load. The 
loading and unloading rates were 0.07, 0.17 and 7 mN/s, respectively. 
At least 50 measurements were made for each load. The load range was 
selected to give an indication on the properties of the tribolayers and 
their interaction with the substrate. 

3. Results and discussion 

In the following section, results obtained from the tribological ex-
periments and the analysis of transfer layers and wear mechanisms are 
presented and discussed. 

3.1. Friction characteristics 

Fig. 4 shows the average and maximum coefficient of friction ob-
tained for the two bearing materials for each 20 h test interval. The error 
bars in the figure illustrate the standard deviation of the average coef-
ficient of friction during each 20 h test interval. The thermoplastic 
bearing material shows lower friction, both average and maximum, than 
the thermoset bearing material. The average coefficient of friction is 
rather stable throughout the test for both bearing materials, with an 
average coefficient of friction for the total 160 h test duration of 0.056 ±
0.006 for the thermoplastic and 0.081 ± 0.008 for the thermoset. The 
thermoplastic material shows a gradually decreasing frictional behav-
iour until it reaches the minimum value after 80–100 h test duration. 
Meanwhile, the thermoset material shows an opposite behaviour and 
reaches its maximum value after the same time, with an average coef-
ficient of friction almost twice as high as for the thermoplastic. After 
100 h, the average coefficient of friction is gradually increasing for the 
thermoplastic until the last 20 h test interval where it is decreasing. The 
thermoset shows a decrease between 100 and 120 h and thereafter 
gradually increasing again. 

During the first 20 h the maximum coefficient of friction (Fig. 4) is 
very similar for both materials, with the thermoplastic showing a 
slightly higher friction (0.124) than the thermoset material (0.114). The 
maximum friction then gradually decreased down to 0.074 at the end of 
the test, while the thermoset exhibits an increasing maximum friction 
behaviour during the test with a maximum value of 0.175 obtained 
between 80 and 100 h and 0.165 at the end of the test. Comparing the 
initial maximum coefficient values with the end values, it decreases 40% 
for the thermoplastic and increases 44% for the thermoset material. This 
clearly shows that the maximum coefficient of friction changes signifi-
cantly over time for both materials. Hence, the frictional behaviour of 
these materials should not be extrapolated based on short duration tests. 

In Fig. 4, it can be observed that the maximum coefficient of friction 
is almost twice as high as the average coefficient of friction for both 
materials, except for the last 60 h of operation for the thermoplastic 
material where the difference is smaller. Despite this, numerous studies 
[8,12,21–29] only report the average coefficient of friction and in some 
cases there is lack of information regarding how the coefficient of fric-
tion is defined. 

In Fig. 5, the static and dynamic coefficients of friction in the 
beginning and end of each 20 h test interval, as defined in Fig. 3, are 
presented for the two bearing materials. Standard deviations are 
calculated based on 15 strokes and presented in the figure for the dy-
namic friction. For the static friction, the standard deviations are very 

Fig. 4. Variation of maximum and average coefficient of friction with test 
duration for the thermoplastic and the thermoset bearing materials. 
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small, 1.1 ± 0.9% for the thermoplastic and 0.7 ± 0.3% for the ther-
moset and hence not presented in the figure. Comparing the obtained 
coefficients of friction it can be observed that, in general the thermo-
plastic exhibits lower static and dynamic friction than the thermoset. 

The static coefficients of friction follow similar trends as the 
maximum coefficients of friction, i.e. increasing with test duration for 
the thermoset and decreasing for the thermoplastic material. The dy-
namic coefficients of friction show a rather stable behaviour for both 
materials. For the thermoplastic, a higher dynamic friction can be seen 
at the very beginning (0 h) and towards the end of the test, Fig. 5a. For 
the thermoset, a lower dynamic friction can be observed at the begin-
ning of the second 20 h test interval (20 h) and a higher dynamic friction 
towards the end of the fifth 20 h test interval (100 h), Fig. 5b. 

The static and dynamic friction values obtained for the thermo-
plastic, with an average of 0.094 ± 0.015 and 0.056 ± 0.009 respec-
tively, are lower than the ones obtained by Ren and Feng [9] of 0.12 and 
0.10. The difference can be attributed to the type of contact as those tests 
were carried out using a journal bearing test set-up as well as to a 
different load characteristics of 23 ± 7 MPa, sliding speed of 7–9 mm/s 
and motion amplitude of 1.1 mm. However, the identified friction 
behaviour trends are similar, with a decreasing static friction with time 
as well as decreasing difference between the maximum and average 
friction observed approximately after 70 h of operation. 

Rodiouchkina et al. [12] suggested that the polymer resin of the 
thermoplastic contains polyethylene terephtalate (PET) and observed a 
similar tribological behaviour. Samyn et al. [30] carried out large scale, 
reciprocating tests with pure and polytetrafluoroethylene (PTFE) filled 
PET sliding against cold rolled steel at high loads (8–150 MPa) and low 
sliding speed (5 mm/s). A static friction of 0.21 was reported during 
running-in for the pure PET and 0.09 for the PTFE filled PET at 25 MPa. 
This suggests that the thermoplastic material in the present study is 
more similar to the PTFE filled rather than pure PET. Just like for the 
thermoplastic material, a stable dynamic coefficient of friction could be 
observed for the PET/PTFE material during the sliding test. However, 
with a slightly higher average value of approximately 0.08. This could 
be attributed to a different content of PTFE in the materials. 

For the thermoset, the obtained static and dynamic friction values, 
with an average of 0.135 ± 0.025 and 0.088 ± 0.013 respectively, are 
higher than the ones obtained by Jones et al. [7] of 0.088 and 0.061. 
This is also attributed to the difference in test setup and operating 
conditions. However, the dynamic friction values obtained are in 
agreement with previously reported dynamic friction value of 0.1 at 29 
MPa contact pressure and unspecified sliding speed by Gawarkiewicz 
and Wasilczuk [8]. 

An important observation is that for both of materials, both the static 
and dynamic friction levels are lower at the beginning of each 20 h test 
interval than at the end of the previous one. This is exemplified and 

highlighted with red circles in Fig. 5b. The increase in friction with time 
during each 20 h test interval appears to be higher for the static friction 
than the dynamic friction and especially for the thermoset material. The 
increase in static and dynamic friction can be attributed to the low 
thermal conductivity of these materials, leading to a temperature in-
crease in the contact zone during the test and thereby promoting 
adhesion between the surfaces. 

As viscoelastic materials, polymers are very sensitive to frictional 
heating as their mechanical and physical properties are very sensitive to 
high temperatures [21,31]. Friction is an energy dissipative process in 
which mechanical energy is converted into heat. According to Myshkin 
et al. [31] frictional heat generation results from the deformation of 
material (ploughing) in the actual contact spots as well as formation and 
breakdown of adhesive bonds. As the temperature increases during the 
rubbing process and reaches the softening temperature of the material at 
the surface, the stiffness of the polymer resin is reduced making the 
material soft. The softening increases the real area of contact between 
the pin and the stainless steel plate and a corresponding increase of the 
coefficient of friction [22]. The increased real contact area can lead to 
increased number of possible adhesive contact points. It will require 
more energy to overcome the increased number of adhesive bonds 
which in turn gives rise to a higher coefficient of friction. It has previ-
ously been reported that the contact zone temperature is a key factor 
influencing the quality of operation of bearings made of polymeric 
materials [23–27,32,33]. Increase in coefficient of friction with 
increased temperature have previously been reported for polymers [23, 
28,31,34] as well as fibre reinforced composites [22,29,35]. In addition, 
an increase in bulk temperature have been observed as the test proceeds 
[23,24,27,35]. 

It can be seen in Fig. 5 that the decrease in static and dynamic friction 
levels at the beginning of each 20 h test interval than at the end of the 
previous one is higher for the thermoset material. This can be explained 
by the slightly lower thermal conductivity (Table 1) and the overall 
higher friction in comparison to the thermoplastic material, which 
contributes to higher temperature rise and thus larger real contact area 
with higher adhesion due to increased number of contact points. 

3.2. Wear behaviour 

Fig. 6 shows the specific wear rates obtained based on the LVDT 
displacement sensor measurements for the two bearing materials for 
each 20 h test interval during the long sliding distance tests. It is 
important to highlight that the LVDT measures the total surface damage 
which includes material removal as well as plastic and elastic defor-
mation. The average specific wear rate for the total test duration of 160 h 
calculated based on the eight separate test intervals illustrated in Fig. 6 
is 1.7 ⋅ 10−6 mm3/Nm for the thermoplastic and 2.9 ⋅ 10−6 mm3/Nm for 

Fig. 5. Variation of the static and dynamic coefficient of friction in the beginning and end of each 20 h test interval for a) the thermoplastic and b) the thermoset 
bearing material. The red circles indicate the difference in friction between the end of a 20 h test interval and the beginning of the next. 
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the thermoset. In general, the thermoplastic exhibits a lower average 
wear rate than the thermoset. 

In general, the wear behaviour of both materials does not show a 
linear tendency during the tests. The specific wear rates during the first 
20 h are around 3 times higher than during the last 20 h of operation 
(140–160 h). However, the decrease is not linear as the highest wear rate 
is obtained between 40 and 60 h of testing for the thermoplastic and 
between 20 and 40 h for the fabric-reinforced thermoset. The specific 
wear rates appear to stabilize towards the end of the test for both of the 
materials. 

When analysing the obtained friction coefficients and specific wear 
rates for the two bearing materials, two interesting observation can be 
made. The first is that the average coefficient of friction during the first 
20 h of operation is similar between the two materials even though the 
specific wear rate is twice as high for the thermoset. The second 
observation is that the average coefficient of friction has a decreasing 
trend over time for the thermoplastic meanwhile it is increasing for the 
thermoset despite that the specific wear rates are decreasing over time 
for both of the materials. Indicating that the coefficient of friction is 
affected differently by the changes in wear of the two materials. 

The lower wear rates of the thermoplastic in Fig. 6 is partly due to a 
higher resistance to deformation under these test conditions. The re-
sidual change in height of the polymer pins after the test showed a 
reduction in height of 60 μm for the thermoplastic and 300 μm for the 
thermoset. However, weight loss measurements showed a weight 
reduction of 2.6 mg for the thermoplastic and only 1.3 mg for the 
thermoset. Contradictorily, this indicates two times higher material 
removal of the thermoplastic bearing material, due to their similar 
density (Table 1). This suggests that the fabric-reinforced thermoset 
material is subjected to more creep and compressive deformation due to 
high load rather than wear. X-ray tomography scans of the tested ma-
terials, performed by Rodiouchkina et al. [12], revealed a higher volume 
fraction of pores (1.2 vol %) for the thermoset in comparison to the 
thermoplastic material (0.35 vol %). In addition, it was found that the 
size of the pores was up to 1 ⋅ 105 times larger in the thermoset material 
and that pores are more abundant in areas close to fibres, suggesting that 
the resin matrix do not perfectly adhere to the structure fibres. On the 
other hand, the pores are evenly dispersed in the thermoplastic material. 
This can explain why the thermoset material is subjected to a higher 
deformation than the thermoplastic. In addition, in general, fabrics 
exhibit high levels of non-linear deformation and significant levels of 
hysteresis [36]. Most fabrics show a three-stage behaviour during 
deformation where the third is a nonlinear region where as a result of 

large deformations plasticity and creep effects in the fibre become 
increasingly noticeable [37]. 

The higher specific wear rates in the beginning of the test is due to 
running-in wear and compressive deformation. Additional deformation 
due to creep is also registered as wear during the experiments as a result 
of the in-situ technique using an LVDT sensor. However, deformation 
will also occur in a real bearing application and is contributing to a 
higher clearance of the bearing, which in turn gives rise to higher con-
tact pressures at the edges and ultimately limits the service life. There-
fore, it is important to know the total contribution from both the wear 
and the deformation in order to calculate the service life of these bearing 
materials. However, estimating the service life of bearings for these 
materials based on short tests will lead to an underestimation as a result 
of the initial higher wear due to running-in and deformation. 

Samyn et al. [30] observed that the wear rates calculated from 
thickness reduction were larger than from those based on weight loss, 
and that the relative part of material loss in the total thickness reduction 
gradually decreased with higher loads. At 25 MPa, the contribution from 
material loss to the total thickness reduction was 80% meaning that 20% 
of the reduction was not caused by wear. This is in agreement with the 
observations made in this study. It was suggested that the additional 
thickness reduction was influenced by creep. 

The obtained specific wear rate results for the thermoplastic material 
are higher than the ones presented by Ren [9] of 1.4 ⋅ 10−11 mm2/N. The 
difference can be explained by the difference in test setup and condi-
tions. However, the obtained specific wear rate results are very similar 
to the ones presented by Samyn et al. [30] for PTFE filled PET sliding 
against cold rolled steel at 25 MPa and 5 mm/s. This suggests that the 
tribological behaviour of the thermoplastic material is similar to the one 
for PTFE filled PET, as the friction behaviour also was similar between 
the two materials. 

The obtained specific wear rates for the thermoset are higher than 
previously published for studies testing the material using journal 
bearing test set-ups [7,8,38]. The obtained specific wear rates are also 
higher than previously published results from linear reciprocating tests, 
using the same sliding amplitude, similar nominal pressure (28 MPa) 
and a higher sliding speed (10 mm/s) [12]. The higher wear rate is most 
likely due to differences in how the load is being applied as well as the 
system stiffness in the two studies. 

The polymer matrix of the thermoset material is polyester and 
comparing the obtained specific wear rates with the ones observed for 
unsaturated polyester resin at 0.3 MPa and 3 m/s [39], it can be seen 
that they are almost eight times lower. This highlights the importance of 
the fabric reinforcement on the wear resistance. 

3.3. Wear mechanisms and development of transfer layers 

3.3.1. Stainless steel counter surface 
The surface topography of the stainless steel counter surface before 

and after sliding against the thermoplastic and the thermoset material 
after different test duration are presented in Fig. 7 and Fig. 8 respec-
tively. The protruding areas in the figures correspond to the transfer 
layers and black areas represent missing data points and correspond to 
regions with thick layers of polymer wear debris, which have poor 
reflection of the light during surface topography measurements. 
Comparing the surface before and after 20 h of sliding against the 
thermoplastic polymer pin (Fig. 7), the highest asperities have been 
worn off. In addition, grooves are seen in two regions in the centre of the 
wear track which indicates material removal from the stainless steel due 
to abrasion. It can be seen that these grooves are propagating in size as 
the test continues until 80 h of operation and thereafter only grows 
deeper. 

After sliding against the thermoset polymer pin (Fig. 8), deep 
grooves in the sliding direction that cover most of the wear track can be 
observed. These grooves continue to propagate in size and depth 
throughout the entire test. It can be seen that they are deeper in the 

Fig. 6. Variation of the specific wear rate with test duration for the thermo-
plastic and the thermoset bearing materials. 
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middle of the wear track, where maximum sliding velocity occurs and 
number of contact cycles is the highest. 

The arithmetic mean height (surface roughness average) Sa of the 
stainless steel counter surface before and after each 20 h test interval for 
the two materials is presented in Fig. 9. In the figure, regions for the 
dominant mechanisms (abrasive wear and transfer film formation) are 
highlighted. However, it is important to point out that other mecha-
nisms can also be simultaneously present in these regions. The surface 
roughness for the stainless steel sliding against the thermoplastic poly-
mer pin decrease slightly after the first 20 h. This is explained by the 
removal of the highest asperities during running-in, previously shown in 
Fig. 7. Thereafter, the surface roughness is gradually increased until 100 
h of sliding and afterwards rapidly increased for the next 40 h before it 
decreases for the last 20 h of the test. The surface roughness is twice as 
high after the test compared to the initial value. 

Higher surface roughness values can be observed for the stainless 
steel counter surface sliding against the thermoset polymer pin. In 
addition, changes in arithmetic mean height seems to have opposite 
trends for the two materials as a rapid increase occurs for the first 60 h of 
operation and thereafter a gradual increase until the end of the test for 
the thermoset material. In comparison to the initial value, the surface 
roughness is almost five times higher after the test. Furthermore, already 
after 40 h, the values are higher than the peak value for the 

Fig. 7. Evolution of surface topography of the stainless steel counter surface after sliding against the thermoplastic polymer pin. Objective: 2.75×, field of view: 2x. 
The 3D optical surface profiles are consisting of several individual measurements that are stitched together with 25% overlap. The sliding direction in the figures is 
parallel to the vertical axis. Black areas in the figure are missing data points and corresponds to regions with thick layers of polymer wear debris, which have poor 
reflectivity during surface topography measurements. Difference in accumulation of wear debris around the wear track partially depends on how much that has been 
removed using pressurized air. 

Fig. 8. Evolution of surface topography of the stainless steel counter surface after sliding against the thermoset polymer pin. Objective: 2.75×, field of view: 2x. The 
3D optical surface profiles are consisting of several individual measurements that are stitched together with 25% overlap. The sliding direction in the figures is 
parallel to the vertical axis. Black areas in the figure are missing data points and corresponds to regions with thick layers of polymer wear debris, which have poor 
reflectivity during surface topography measurements. Difference in accumulation of wear debris around the wear track partially depends on how much that has been 
removed using pressurized air. 

Fig. 9. Variation of the surface roughness (Sa) of the stainless steel counter 
surface with test duration for the thermoplastic and the thermoset 
bearing material. 
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thermoplastic. Comparing the evolution of surface topography of the 
stainless steel sliding against the two materials presented in Figs. 7 and 
8, it is clear that the counter surface sliding against the thermoset is 
subjected to significantly more abrasive wear with deeper grooves. This 
contributes to the higher arithmetic mean height and overall higher 
coefficient of friction as a result of higher ploughing component of 
friction. The abrasive grooves appear to propagate faster in size and 
depth during the first 60 h of operation, consistent with the more rapid 
increase in the arithmetic mean height observed for the same time 
interval. 

After sliding against the polymer pins the stainless steel surface 
grains are worn and flattened (Fig. 10b). The grain boundaries, as shown 
in Fig. 1, are filled with transferred polymer material. In regions sub-
jected to abrasive wear and low coverage of transfer layers, no 
remaining grain boundaries are found. 

Abrasive wear is the dominant wear mechanism of the steel substrate 
after sliding against the two polymer materials. Comparing the unworn 
steel surface (Fig. 1) with the worn surfaces (Fig. 10), presence of both 
micro-cutting and micro-ploughing are prevalent. The micro wear 
mechanisms are gradually contributing to the propagation of macro- 
scale abrasive wear grooves that are seen in the surface topography 
measurements of the stainless steel surface in Figs. 7 and 8. Initiation of 
abrasive grooves contributes to uneven surface topography, which in 
turn gives rise to variation in peak contact pressure distribution. This 
will contribute to a higher material removal from the stainless steel 
surface by micro-cutting and micro-ploughing in a synergistic effect. 

In case of sliding against the thermoplastic, micro-ploughing and 
micro-cutting are mainly caused by interaction between the steel surface 
and workhardened and oxidised steel wear debris as well as reinforce-
ment particles from the polymer composite. The reinforcement particles 
are found in the entire wear track and a typical particle is shown in 
Fig. 11. The particles have an octahedral or bi-pyramidal structure 
(typical of nano-diamonds) and a size between 300 and 550 nm. 

The thermoset causes more micro-ploughing damage to the steel 
compared to the thermoplastic, especially in the middle of the wear 
track (Fig. 12b). In addition to the previously mentioned factors, the 
reinforcement fibres as well as calcium carbonate filler particles in the 
thermoset material contribute to both micro-ploughing and micro- 
cutting. 

The transfer layers formed on the stainless steel counter surface after 
sliding against the thermoplastic polymer pin are shown in Fig. 13. 
Small evenly distributed patches of the transferred polymer material 
were observed after the first 80 h of operation. The surface coverage is 
low even after 360 000 cycles (80 h) which is attributed to low adhesion 
between the polymer transfer film and the steel surface [13] leading to 
either difficulty to develop a transfer film and/or its easy removal. The 
areas subjected to abrasive wear showed less material transfer 
(Fig. 13a). Furthermore, more material transfer was observed close to 
the reversal points of the wear track (Fig. 13b), where the sliding ve-
locity goes to zero and accumulation of wear debris occurs due to the 

reciprocating motion. 
Between 80 and 100 h of operation, a significant increase in surface 

coverage is seen. Lumpy transfer with larger patches of the polymer 
material was found especially along the right side of the wear track 
(Fig. 13c) and at the reversal points (Fig. 13d). However, less material 
transfer was found in the areas subjected to abrasive wear (Fig. 13c) 
than previously (Fig. 13a). The increased surface coverage after 100 h 
will protect the stainless steel surface from direct contact with hard 
particles and reinforcements in the polymer, which reduces the abrasive 
wear. 

An increased formation and coverage by transfer layers continued 
until the last 20 h of operation, where a significant decrease was 
observed. In Ref. [13], Bahadur showed that the transferred material is 
made up of many small lumps that agglomerate during repetitive 
sliding. This, together with gradually more availability of wear debris 
from the polymer pin, explain the increase in transfer layer formation 
with time. After the test it can be seen that the transfer layers are 
covering a large part of the surface except some regions in the middle 
that have been subjected to abrasive wear (Fig. 13e). SEM imaging using 
a lower accelerating voltage (1 kV) revealed that transferred polymer 
material covered almost the entire surface after the test. This is illus-
trated in Fig. 14 for the area marked with red in Fig. 13e. This suggests 
that the transfer layer is very thin but it will still affect the friction and 
wear behaviour. 

The highest surface coverage as well as surface roughness was 
observed after 140 h (Fig. 9). The average coefficient of friction pre-
sented in Fig. 4 and the dynamic coefficient of friction in Fig. 5 seems to 
follow a similar trend, with an increase after 100 h until 140 h where the 
friction reaches its maximum and thereafter decreases. In case of thicker 
transfer layers, friction increases with increased surface coverage. 
However, when the transfer consists of small and evenly distributed 

Fig. 10. SEM micrographs of the steel surface after sliding against the thermoplastic polymer pin for 160 h. The sliding direction in figure is parallel to the ver-
tical axis. 

Fig. 11. SEM micrograph illustrating nano-particles found on the wear track 
formed on the stainless steel counter surface after sliding against the thermo-
plastic polymer pin. 
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patches (before 80–100 h of operation) the coefficient of friction 
decrease with increased surface coverage. The thick transfer layers are 
not beneficial from a friction point of view due to increased adhesion 
between the sliding surfaces. The transfer layers should be very thin as 
thicker films may provide unacceptable thermal barriers or be me-
chanically unstable [40]. 

The dynamic coefficient of friction at the end of each 20 h test 

interval is especially influenced by changes in surface coverage by 
transfer layers. This is attributed to increased temperature in the contact 
zone, thermal softening, and a larger real contact area. This results in 
higher adhesion due to increased number of contact points, between the 
polymer pin and the transfer layer. 

On the other hand, the static coefficient of friction is decreasing 
during the whole test, except at the end of the test after 140 h. The 

Fig. 12. SEM micrographs of the worn steel surface after sliding against the thermoset polymer pin for 160 h illustrating the a) upper reversal point and b) in the 
middle of the wear track. The sliding direction in the figures is parallel to the vertical axis. 

Fig. 13. SEM micrographs of the wear track containing transfer layers (darker features), formed on the stainless steel counter surface at the centre of the wear track 
after sliding against the thermoplastic polymer pin for a) 80 h, c) 100 h and e) 160 h; the reversal point after b) 80 h, d) 100 h and f) 160 h. The sliding direction in 
the figures is parallel to the vertical axis. 
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higher reduction rate after 100 h is explained by the decrease in the 
amount of lumpy transfer layers at the reversal points. The static friction 
is the lowest after 160 h where less lumpy transferred material is present 
at the reversal points (Fig. 13f). The rise in static coefficient of friction 
after 140 h of operation is discussed result of increased formation of 
lumpy transfer at the reversal points. 

The development of transfer layers in the case of the thermoset was 

different to the thermoplastic as most material transfer could be detec-
ted already after the first 20 h of operation. Similarly to the thermo-
plastic, less material transfer was seen in the middle of the wear track 
(Fig. 15a) than at the reversal points (Fig. 15b). In addition, less trans-
ferred material was found in the regions subjected to abrasive wear. The 
transfer layers in these regions are worn away due to abrasion caused by 
the reinforcement and filler particles in the polymer. The optical surface 

Fig. 14. SEM micrographs of the same area marked with red in Fig. 13e imaged at a) 5 kV and b) 1 kV. The sliding direction in the figures is parallel to the 
vertical axis. 

Fig. 15. SEM micrographs of the wear track containing transfer layers (darker features), formed on the stainless steel counter surface at the centre of the wear track 
after sliding against the thermoset polymer pin for a) 20 h, c) 100 h and e) 160 h; reversal point after b) 20 h, d) 100 h and f) 160 h. The sliding direction in the figures 
is parallel to the vertical axis. 
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topography measurements showed that a larger area of the wear track 
has been subjected to abrasive wear after sliding against the thermoset 
compared to the thermoplastic. As the test continued, a gradual decrease 
in transfer layers and increase in abrasive wear marks over time was 
observed, both in the middle (Fig. 15c and e) and at the end positions of 
the wear track (Fig. 15d and f). The increasing surface roughness with 
test duration (Fig. 9) is caused by the development of abrasive grooves 
(Fig. 8), rather than increase in coverage by transfer layers as in the case 
for the thermoplastic. The lower surface coverage in case of the ther-
moset in comparison to the thermoplastic material is a contributing 
factor to the overall higher coefficient of friction. 

An interesting observation is that the static friction at the end of the 
test is more than two and a half times higher for the thermoset in 
comparison to the thermoplastic. Despite the higher amount of thicker 
transfer layer at the reversal points. However, the transfer layers are 
located at the very end of the reversal points and the surface coverage is 
less in the remaining lower and upper part of the wear track in com-
parison to the thermoplastic. 

The higher amount of transfer layers and the low sliding speed, even 
momentarily stationary, at the reversal points of the reciprocating stroke 
can explain the lower static friction levels at the beginning of each 20 h 
test interval than at the end of the previous one for the thermoset ma-
terial (Fig. 5). Contributing to higher adhesion between the polymer pin 
and the transfer layers due to the larger real contact area with increased 
number of adhesive bonds. 

Comparing the development of transfer layers for the two materials it 
was found that the transfer layers visible after one 20 h test interval 
could be removed after the next and replaced by new as the test 
continued, suggesting continuous build-up and removal of transfer 
layers. Friedrich [40] has shown that if the transfer layers detach the 
transfer wear processes may become a dominant wear mechanism as the 
depleted transfer layer is repeatedly replenished. This explanation is in 
line with the relatively high constant specific wear rate for the two 
materials, even after the running-in process. 

High magnification SEM micrographs which show typical transfer 
layers formed on the stainless steel counter surface after sliding against 
the two materials at the end of the test are presented in Fig. 16. It can be 
mentioned that several hundreds of SEM micrographs were analysed 
during this study and the following features are observed:  

I) Micro and macro cracks in the transfer layers might be caused by 
the reciprocating motion and alternating shear stresses. Poor 
adhesion of the transfer layers to the steel substrate since patches 
of the transfer layers have been continuously detached from the 
substrate (Fig. 16a) and repeatedly replenished. The transfer 
layers are also more of patchy character as opposed to continuous 
and do not cover the steel surface uniformly indicating poor 
adhesion [13].  

II) Remaining hardness indents (Fig. 16b) indicate that plastic 
deformation has occurred and hence poor elastic recovery of the 
transfer layers. In most of the regions where nano-indentations 

have been performed, part of the transfer layer has detached 
due to the indentations (Fig. 16b). This indicates that the transfer 
layers are not well consolidated in addition to poor adhesion of 
the transfer layers to the substrate.  

III) Embedded wear particles of steel and reinforcement/fibre debris 
in the transfer layers may reduce the self-lubricating ability of the 
transfer layers and contribute to higher wear of the polymer. 

IV) The transfer layers appear to be built up in layers. This is espe-
cially apparent for the thermoset in Fig. 16b, where it can be seen 
that the outermost layer has detached in some locations due to 
nano-indentations revealing another layer underneath. In addi-
tion indicating poor adhesion between the build-up transfer 
layers. 

Fig. 17 shows average hardness values obtained from the nano- 
indentation measurements of the transfer layers. The average values 
presented in the figure are based on minimum 16 indentations and the 
error bars indicate the scatter between the indentations. The thermoset 
transfer layers are harder than the ones for the thermoplastic indicating 
that these are more wear resistant. However, they could also contribute 
to more wear of the thermoset in comparison to the thermoplastic which 
correlate with the wear behaviour in Fig. 6. For the thermoplastic ma-
terial, it was found that the hardness differed at different locations in the 
wear track, as illustrated in Fig. 17. The hardness is higher in the middle 
of the wear track in comparison to the reversal point. The hardness will 
be affected by both differences in transfer layer thickness as well as 

Fig. 16. SEM micrographs of the transfer layers formed on the steel surface in the end of the test after sliding against a) the thermoplastic polymer pin and b) the 
thermoset polymer pin. The sliding direction in the figures is parallel to the vertical axis. 

Fig. 17. Nano-hardness of the transfer layers formed on the stainless steel 
surface after sliding against the thermoplastic and thermoset material obtained 
from the nano-indentation measurements using 5 mN load. Measurements 
presented in the figure are carried out at the reversal points for both of the 
materials and also in the middle of the wear track for the thermoplastic. 
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varying content of steel wear debris. No hardness values are presented 
for the thermoset transfer layers in the middle of the wear track due to 
absence of larger and thicker patches. 

A cross-section, prepared using focused ion beam (FIB), of a thicker 
transfer layer (~2 μm) formed at the reversal point on the stainless steel 
counter surface after sliding against the thermoplastic is illustrated in 
Fig. 18. The micro cracks in the transfer layer indicate poor adhesion 
between substrate and transfer layer. The micro cracks also propagate 
through the entire transfer layer down to the steel substrate and that 
they are initiated at the polymer – steel interface. The polymer transfer 
first fills the pits and valleys on the steel surface and the transfer layer is 
then gradually built up as previously described for the thermoset ma-
terial in Fig. 16b. The heterogeneous structure of the layer supports the 
proposed continuous breakdown and build-up mechanism over time. In 
regions where the transfer layer is thicker, the steel substrate appears 
less worn (Fig. 19a), although some polishing and removal of material 
has taken place. Crack initiation marked in Fig. 18 is one wear mecha-
nism for the steel counter surface. 

In Fig. 19, representative SEM micrographs of mechanically cut and 
etched overview cross-sections are presented for an unworn steel surface 
and after sliding against the thermoplastic. No significant changes in 
subsurface microstructure are observed. The transfer layers in Fig. 19b 
and c are confirmed using EDS and backscatter detector with composi-
tion mode (BED-C). The transfer layer in Fig. 19b is close to the reversal 
point and in Fig. 19c in the middle of the wear track. The steel surface is 
more worn and flattened in the middle of the wear track. At the reversal 
point where the steel surface is less worn, it can be seen that the initial 
cavities have been filled with transferred thermoplastic material and 
contribute to protecting the surface from wear. 

The transfer layer in the middle of the wear track, corresponding to 
the region of maximum speed and highest number of load cycles, is 
thinner layer with a thickness less than 500 nm. Areas with higher 
coverage showed similar or even slightly higher thickness (up to 1.3 μm) 
with the presence of micro cracks in the transfer layer. The steel sub-
strate is flattened and subsurface cracks were found, similar to those 
shown in Fig. 20, indicating local fatigue of the steel surface. The sub-
surface fatigue cracks are more common in the regions with thinner 
transfer layer where higher near surface shear stresses are present. 

As seen in the top-view surface analysis, the thermoset material 
showed more transfer layers and less wear of the steel surface at the 
reversal points (Fig. 15e) in comparison to the middle (Fig. 15f). Cross- 
sections of the transfer layers revealed that the transfer layers are also 
thicker in these regions, see Figs. 20 and 21. In the middle of the wear 
track the transfer layers is thinner for the thermoset. The transfer layers 
are about 200 nm in thickness at the most. Similar to the thermoplastic, 
there is also more wear of the steel surface towards the middle region. In 
the areas with less surface coverage there are cracks visible beneath the 
steel surface, illustrated in Fig. 20. These cracks are similar to the ones 
observed for the thermoplastic however they are larger and can generate 
steel wear debris that are up to 200 nm in thickness. 

The thicker transfer layer at the reversal point have a higher content 

of particles of various size and shape. Due to the nature of the thermoset, 
containing both fibre as reinforcement and CaCo3 as a filler, it is hard to 
distinguish if the particles are debris of the steel or the polymer itself. 
Due to the abrasive wear of the steel surface it is reasonable to assume a 
significant content of steel wear debris. An increasing amount of steel 
debris in the transfer layers at the reversal points will contribute to a 
higher degree of defects in the transfer layers. Similar to the thermo-
plastic, there are cracks in the layer indicating that the transfer layers 
are not well consolidated and with a heterogeneous structure due to the 
progressive build-up. However there are more defects in the transfer 
layers in comparison to the ones in case of the thermoplastic. 

The transfer layer formation mechanism initiates by transfer of 
polymer to the steel substrate that fill the grooves and valleys in the steel 
surface. The layer is then built up and worn down continuously. Cracks 
in the transfer layer, and between transfer layer and substrate, shows 
that there is some removal of larger patches of the layer. A thicker 
transfer layer contributes to a less worn steel surface while a thinner 
layer does not sufficiently protect the underlying steel and wear occurs. 
The thinner transfer layers are formed in the middle of the wear track 
while thicker layers tend to develop at the reversal points. 

3.3.2. Polymer specimens 
The surface topography of the thermoplastic polymer pin before and 

after sliding for 160 h is presented in Fig. 22. It should be noted that a 
reference pin has been used for the unworn image, due to sputtering of 
the pins before surface analysis, and is thus not the same pin as the one 
used for the tribological test. Surface topography of the unworn surface 
(Fig. 22a) shows traces from manufacturing (milling) of the polymer pin. 
The worn polymer pin (Fig. 22b) shows no such traces of the original 
machining marks as these were removed during the sliding test. Pro-
truding regions are seen along the left and right edges. A close up of area 
1 in Fig. 22b is shown in Fig. 23a. Presence of larger flake-shaped wear 
particles (Figs. 23a and 24a corresponding to area 3 in Fig. 22b) indicate 
delamination wear of the thermoplastic. No sign of abrasive wear 
grooves was observed in these regions. Adhesion of wear particles on to 
the polymer surface (Fig. 24a and b corresponding to area 3 and 4 in 
Fig. 22b) was found on most part of the surface. The wear in polymers is 
typically a combination of adhesive and cohesive failures leading to 
material detachment. When the latter is prevailing, the interfacial bond 
between the polymer and the transfer layer is stronger than the cohesive 
strength of the polymer itself, as described by Hutchings [41]. 

The formation of flake-shaped wear particles was more prominent 
along the left edge, which was in contact with the right side of the wear 
track shown in (Fig. 13d and f). The localised protruding transfer 
patches on the stainless steel counter surface is consistent with the shape 
and size of the delaminated wear debris from the thermoplastic surface. 
The increase in transfer layers formation after 100 h suggests that the 
delamination process accelerated at this stage. Furthermore, complete 
delamination of these particles is present along the right and left edges 
of the worn surface, as illustrated in the SEM micrographs at higher 
magnifications in Fig. 24a and c (corresponding to area 3 and 5 in 
Fig. 22b). The delamination is occurring in protruding areas of the worn 
polymer surface. This is attributed to higher local contact pressures at 
the protruding areas, which contributes to higher shear stresses within 
the polymer material eventually leading to delamination. 

For large scale reciprocating tests with pure PET sliding against cold 
rolled steel at high loads (8–150 MPa) and low sliding speed (0.005 m/ 
s), flake-like particles of the polymer was found on the counter surface, 
non-uniformly distributed over the sliding area [30]. This is in agree-
ment with the observations in this study, supporting the hypothesis 
regarding content of PET in the thermoplastic as proposed in Ref. [12]. 

The flake-shaped wear particles (also called chip-like) have been 
reported to form in case of other thermoplastic bearing materials such as 
poly-ether-ether-ketone (PEEK). The formation of such large wear par-
ticles is typical for wear processes of the neat polymer at higher pv 
factors and higher sliding speeds [42]. A typical pv value when this 

Fig. 18. Cross-section of the transfer layer formed on the stainless steel surface 
in the reversal point, illustrated in Fig. 13f, after sliding against the thermo-
plastic polymer pin. The sliding direction in the figure is parallel to the hori-
zontal axis. 
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occurs is 2 MPa m/s, as proposed in Ref. [43]. This is more than ten 
times higher compared to the value in this study. However, the particles 
in Ref. [43] are only illustrated for one test condition (v = 0.25 m/s and 
p = 8 MPa) while abrasive wear appears to be dominant for another 
condition (v = 0.75 m/s and p = 2.68 MPa). In a previous study [12] 
with the specific thermoplastic in the present study it was found that an 
increase in sliding speed resulted in more homogeneous abrasive wear 
with adhesive wear limited to small contacts. Increased contact pressure 
resulted in more adhesive wear of the polymer with larger wear particles 
found on the steel counter surface. This indicates a similar wear 
behaviour between PEEK and the thermoplastic bearing material, 
although at lower pv values. In addition, sliding speed appears to have 
an opposite effect on the formation of these wear particles than the one 
proposed in Ref. [42] and instead, pressure seems to have a greater 
impact. 

Abrasive wear features are also seen in Fig. 22b and a close up of area 
4 in Fig. 24b. Grooves caused by ploughing and cutting processes are 
concentrated to the middle of the polymer surface (Fig. 23b). This region 
is in contact with the stainless steel wear track where there is lack of 
thick transfer layers (Fig. 13e) and presence of deep grooves (Fig. 7). 

The dominant abrasive wear mechanisms are a combination of 

micro-ploughing and micro-cutting and in some regions it is hard to 
distinguish which one that is prevailing. Overall, micro-ploughing seems 
to be the dominant abrasive wear mechanism of the thermoplastic. The 
abrasive wear is mainly caused by the same features as described for the 
stainless steel surface, i.e. loose wear debris from the steel surface and 
reinforcement particles from the polymer as well as the interaction with 
hard protruding asperities on the steel surface. 

SEM micrograph of the thermoset polymer pin before test is pre-
sented in Fig. 25a. Similar to the thermoplastic, a reference pin was used 
for the analysis of the unworn surface. PTFE fibres (weft) protruding 
from the surface can clearly be seen. The surface topography of the worn 
thermoset polymer pin, after sputtering, is presented in Fig. 26a. 

Comparing the polymer pin before (Fig. 25a) and after the test 
(Fig. 26a) it can be observed that the weft has been worn during the 
sliding test, as the fibres protruding the surface are not as prominent for 
the worn surface. In Fig. 25b, an EDS map of fluorine in ROI 3 marked in 
Fig. 26a is presented. Regions containing higher concentrations of 
fluorine indicates the locations of the weft for the worn surface. In 
Fig. 27a, the worn weft (PTFE fibres) can be seen in two locations at 
higher magnification, corresponding to ROI 1 marked in Fig. 25b. Based 
on the surface topography of the polymer pin after test (Fig. 26a), it can 
be seen that the worn weft observed in Fig. 27a is still slightly protruding 
the surface. This can also be observed for other locations of the weft. 

A close up of ROI 1 in Fig. 26a is presented in Fig. 26b. It can clearly 
be seen that the polymer surface has been subjected to both abrasive and 
adhesive wear. It should be noted that more regions than the ones pre-
sented have been studied, indicating the same findings. Adhesive wear is 
the dominant wear mechanism in protruding regions and these are 
located close to the worn PTFE weft. An explanation for the lower 
abrasive wear in these regions is that the PTFE from the weft provides 
lubrication and hence protects the polymer surface. However, in regions 
that are subjected to more abrasive wear (ROI 2 in Fig. 26a) grooves can 
also be found even in regions surrounding the PTFE weft as seen at 
higher magnification in Fig. 27b. 

Two broad regions can be seen along the left and right edges of the 
polymer surface (Fig. 26a), protruding above the centre of the wear 
track. Limited abrasive wear grooves are found in these regions. The left 
edge is the most protruding part, which was in contact with the right 
side of the wear track shown in (Fig. 15e and f). The steel surface along 
the right side have more coverage by transfer layers than the rest of the 
wear track (except for the reversal points). Adhesive wear dominates in 
regions with more transfer layers, similar to the case of the 
thermoplastic. 

Wedge formation in regions subjected to adhesive wear is also pre-
sent for the thermoset as illustrated in Fig. 27a. However, less in com-
parison to the thermoplastic and material delamination of the wedges is 
only noticeable in a few locations. This can explain the reduced presence 
of lumpy transfer consisting of flake-shaped wear particles observed on 
the counter surface after the test against the thermoset. 

Similar to the thermoplastic, the dominant abrasive wear mecha-
nisms are a combination of micro-ploughing and micro-cutting. How-
ever, the thermoset appears to be less subjected to micro-cutting which 

Fig. 19. SEM micrographs of cross-sections of a) unworn steel surface and after sliding against the thermoset polymer pin for 160 h illustrating b) cavities that have 
been filled with transferred polymer material and c) worn surface underneath transfer layer. The sliding direction in figure is parallel to the horizontal axis. 

Fig. 20. Cross-section of the transfer layer formed on the stainless steel surface 
in the middle, illustrated in Fig. 15e, after sliding against the thermoset polymer 
pin. The sliding direction in the figure is parallel to the horizontal axis. 

Fig. 21. Cross-section of the transfer layer formed on the stainless steel surface 
in the reversal point, illustrated in Fig. 15f, after sliding against the thermoset 
polymer pin. The sliding direction in the figure is parallel to the horizontal axis. 
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can be attributed to the fabric reinforcement which makes the thermoset 
material harder (Table 1) according to the hardness conversion chart 
presented by Shah [44]. 

Micro-cracks are also prevalent on the thermoset surface after sliding 
against the stainless steel (Fig. 27b). These can be found on several lo-
cations and differ in size but is concentrated in the middle region of the 

polymer surface. Crack propagation is more dominant in the sliding 
direction and initiates in the same direction as the rigid polyester fibre. 
When the shear stresses acts along the fibre, less energy is required to 
propagate a crack along the rigid fibre direction. As seen in Fig. 27b, 
micro-cracks are observed in between the PTFE wefts. An explanation 
for the crack-initiation is the varying E-moduli of the matrix components 

Fig. 22. Surface topography of the thermoplastic polymer pin a) typically before the test, objective: 10×, field of view: 0.5x and b) after sliding for 160 h against the 
stainless steel counter surface, objective: 10×, field of view: 2x. The 3D optical surface profiles are consisting of several individual measurements that are stitched 
together with 25% overlap. The sliding direction in the figures is parallel to the vertical axis. 

Fig. 23. Surface topography of the marked areas in Fig. 22b corresponding to: a) ROI 1, objective: 10×, field of view: 1x and b) ROI 2, objective: 10×, field of view: 
2x. The sliding direction in the figures is parallel to the vertical axis. 

Fig. 24. SEM micrographs of the marked areas in Fig. 22b corresponding to: a) ROI 3, b) ROI 4 and c) ROI 5. The sliding direction in the figures is parallel to the 
vertical axis. 
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in the thermoset which will have a micro-scale stiffness variance. As the 
surface will be subjected to cyclic loading the rigid polyester fibre will 
eventually lead to micro cracking of the softer polymer bulk material. 
The micro-cracks results in detachment of the polymer matrix material 
and exposure of unprotected fibres, which can be peeled off during the 
sliding motion as the test continues. 

4. Conclusions 

The tribological performance and development of transfer layers 
formed on stainless steel during long duration dry sliding against two 

commercially available self-lubricating polymer composites bearing 
materials have been investigated. The main conclusions of these studies 
are as follows:  

• There is a significant difference between the friction and wear results 
obtained after 20 h compared to 160 h. This indicates that the fric-
tion and wear mechanisms for these materials are transient processes 
and need to be studied over long durations to enable accurate pre-
dictions of their long-term tribological behaviour.  

• The thermoplastic shows lower static and dynamic friction levels 
than the thermoset. This is mainly attributed to less transfer layers 
and higher amount of abrasive wear observed on the stainless steel 
surface after sliding against the thermoset leading to higher 
ploughing component of friction. 

• The wear rate of the thermoplastic is lower compared to the ther-
moset. Despite showing similar friction levels after 20 h, the ther-
moset wear rate is two times that of the thermoplastic.  

• The dominant wear mechanism of the thermoplastic is adhesive wear 
in areas showing thicker transfer layers on the steel surface and 
abrasive wear in regions containing less and thinner transfer layers 
on the steel surface due to interaction with hard asperities and wear 
debris. In case of the thermoset, the dominant wear mechanism in 
regions close to the worn PTFE weft as well as where thick transfer 
layers developed on the steel surface is adhesive wear and abrasive 
wear is dominant in regions that have been in contact with hard 
asperities on the counter surface. A higher degree of deformation was 
also observed for the thermoset. 

Fig. 25. SEM micrograph of a) the thermoset polymer pin typically before the 
test and b) compositional map of fluorine (F) from EDS analysis of ROI 3 in 
Fig. 26a. The sliding direction in the figures is parallel to the vertical axis. 

Fig. 26. Surface topography of a) the thermoset polymer pin after sliding for 160 h against the stainless steel counter surface, objective: 10×, field of view: 2x and b) 
the marked area corresponding to ROI 1, objective: 10×, field of view: 0.5x. The 3D optical surface profile in a) is consisting of several individual measurements that 
are stitched together with 25% overlap. The sliding direction in the figures is parallel to the vertical axis. 

Fig. 27. SEM micrographs of the thermoset polymer pin after sliding for 160 h against the stainless steel counter surface of a) ROI 1 in Fig. 25b and b) ROI 2 in 
Fig. 26a illustrating micro cracks. The sliding direction in the figures is parallel to the vertical axis. 
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• The stainless steel counter surface show signs of abrasive wear 
caused by micro-cutting and micro-ploughing. This is caused by 
interaction with workhardened and oxidised steel wear debris as well 
as reinforcements and filler particles from the polymer composite. 
Subsurface cracks and delamination wear due to surface fatigue is 
also observed.  

• The formation of transfer layers is a transient process involving 
continuous build-up and break-down. The transfer layers are formed 
in a similar way for both materials and involves generation of wear 
debris, accumulation in counter surface valleys, and consolidation in 
to layers. During sliding, the layers fracture due to poor cohesion and 
defect density leading to local detachment and removal. 
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Abstract: There are many moving machine assemblies with conformal tribological contacts at very
high contact pressures, e.g., sliding bearings, propeller shaft bearings and machine guideways.
Furthermore, applications such as trunnion and guide vane bearing in Kaplan turbines have very low
sliding speeds and oscillatory types of motion. Although there is a vast selection of tribology test rigs
available, there is still a lack of test equipment to perform friction and wear tests under high contact
pressure, reciprocatory sliding and large area contact. The aim of this work is thus to develop a
novel reciprocating tribometer and test method that enables friction and wear tests under low-speed
reciprocatory sliding with contact pressures up to 90 MPa in a flat-on-flat contact configuration. First,
a thorough description of the test rig design is given. Secondly, the influence of contact pressure
and stroke length on the tribological properties of a stainless steel and polymer composite material
combination is studied. The significance of considering creep, friction during the stroke and contact
temperature is specifically highlighted. The novel tribometer can be used to screen different bearing
and shaft material combinations and to evaluate the friction and wear performance of self-lubricating
bearings for the specific operating conditions found in Kaplan turbines.

Keywords: Kaplan turbine; self-lubricating; service life; lubrication; wear

1. Introduction

There are many moving machine assemblies (MMAs) where a high load between
two contacting surfaces under relative motion is distributed over a relatively large area,
giving rise to an area contact with high contact pressure. A common application is sliding
bearings, but other MMA applications include marine applications (such as propeller
shaft bearings), machine guideways and metalworking applications (such as forming and
forging). Although the friction force is theoretically independent of the nominal contact
area, there are several mechanisms that are amplified when the load is carried by a larger
area. Examples include retention of wear particles and increased number of adhesive
contact points (junctions).

Large-scale sliding bearings are also commonly found in hydropower plant turbines,
specifically in the guide vane bearings and trunnion bearings in Kaplan turbines [1–3].
Trunnion bearings are designed for contact pressures of 40 MPa, but due to misalignments
and excessive clearances, the contact pressures may reach 55 MPa [4] or even higher
(50–80 MPa) as reported by Demianov et al. [5]. In addition, sliding velocities are low
(0.001 m/s) [5] and the type of motion is oscillating. Due to environmental concerns, there
is a clear trend towards removing lubricants from MMAs where potential leakage can be
harmful to the environment, and hydropower plants are typical examples. Self-lubricating
bearing materials are employed as alternative materials since these can be used in dry
sliding or water-lubricated conditions.
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Due to the size of the bearings in these applications, full-scale tests pertaining to
friction and wear performance of bearing materials are very time-consuming and in-
herently expensive. Therefore, laboratory tests are frequently used to evaluate the fric-
tion characteristics and wear behavior of these bearing materials. An obvious question
that arises is whether the results from laboratory-scale tests can translate to full-scale
bearing performance.

In order to make laboratory testing as representative of the real application as possible,
the tests are required to run under relevant contact pressures, sliding velocities, tempera-
tures and type of motion. In the case of self-lubricating polymer composite materials, the
size of the test specimen plays an important role to capture all relevant material features
within the intended contact area.

There are many tribological test equipment, or tribometers, available on the market
today, and many of these offer the possibility to perform friction and wear tests using a
flat-on-flat contact configuration and reciprocating motion [6–10]. The main limitation with
these test rigs is the upper limit of contact pressure that can be reached when using an area
contact. Most of the test rigs on the market have an upper normal load limit of 2500 N,
which means that for contact pressures in the range >30 MPa the test specimen needs to be,
e.g., 9 × 9 mm2.

Some special-purpose test equipment has also been developed by various research
groups. At Uppsala University, a reciprocating flat-on-flat test setup is available [11] that
can reach contact pressures >20 MPa at a normal load of 20 kN. The sliding velocity is
limited to 4 mm/s and the smaller test specimen is 20 × 4.6 mm2. This allows for relevant
friction and wear measurements with relatively larger test specimens but has a limitation
in sliding speed. Other test rigs are developed specifically to evaluate the service life
and performance of scaled-down versions of self-lubricating bearings for hydropower
applications [1,4,12]. The full sleeve bearing test rig developed by Jones et al. [4,12] is
based on an oscillating vertical shaft, supported by two self-aligning rolling element
bearings, onto which a stationary stainless steel sleeve is mounted. The test rig can reach
a contact pressure >20 MPa and a speed of ~9 mm/s. A similar test rig, described by
Pereira et al. in [1], is capable of reaching contact pressures of 40 MPa. Another oscillating
bearing test rig that enables even higher contact pressures (90 MPa) was developed by
Ukonsaari et al. [13,14].

The full bearing test methods have either been developed for contact pressures lower
than the maximum contact pressures seen in practice or based on typical operating condi-
tions in a Kaplan turbine. The test specimens are also relatively large and more complex
to manufacture, and hence they are more expensive compared to the simplified geometry
found in commercially available tribometers. Using a shaft and bearing sleeve setup will
also result in the contact pressure being difficult to control since this will depend on the
bearing clearance as well as the gradual wear of the bearing surface.

Despite the vast selection of test rigs, there is still a gap in terms of the possibility
to perform friction and wear tests under conditions prevalent in high contact pressure
and large area contact applications such as hydropower sliding bearings. Specifically, the
capacity for laboratory testing under varying stroke length, frequency and high contact
pressures (>30 MPa) is missing.

The aim of this work is therefore to develop the following:

• A novel reciprocating tribometer that can enable friction and wear tests at contact
pressures up to 90 MPa using varying stroke lengths from 0.1 to 100 mm and a sliding
speed range from 0.1 to 100 mm/s.

• A test method to analyze the tribological performance of bearing materials using the
developed test rig and furthermore demonstrate how the test method can be used to
analyze the influence of contact pressure and stroke length on the friction and wear of
self-lubricating polymer composite bearing materials.
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2. Test Rig Design

The developed test rig is based on a design where a bearing material test specimen is
loaded against a countersurface positioned in a holder which has a reciprocating movement
(see Figure 1). Different bearing and countersurface material combinations can thus be
evaluated in terms of friction and wear which is measured during the test. In the following
section, a detailed description of the test rig design is given.

Figure 1. The operation principle of the developed test rig.

A photograph of the developed test rig can be seen in Figure 2 and an overview of
the test rig can be seen in Figure 3. The normal load is applied using a pneumatic cylinder
to pull a lever arm which presses a push pin (1) against a load cell (9) positioned on top
of a linearly supported shaft (2) which holds the bearing material test specimen (5) (see
Figure 4a). The normal load is measured with the load cell, and wear is measured using
a linear variable differential transformer (LVDT) sensor (6) which senses the position of
the shaft (2) relative to the stationary shaft housing (3). An electrically controlled pressure
regulator (7) is used to control the normal load (see the pneumatic circuit diagram in
Figure 4b). A pressure booster regulator (2) is used to increase the pressure from the
pressure supply (1), and the manually operated pressure regulator (5) is used to control the
input pressure to the circuit. A 4/2 directional valve (6) is used to control piston moving up
or down, i.e., unload or load, and the electronic pneumatic pressure regulator (7) controls
the pressure in the pneumatic cylinder (11).

  
(a) (b) 

Figure 2. Photos of the developed test rig. (a) Overview of the developed test rig. (b) Close-up of the upper and lower
specimen holders.
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Figure 3. Test rig overview.

 
(a) (b) 

Figure 4. Normal load application system. (a) Schematic sketch of how the normal load is applied and how wear is
measured. (b) Pneumatic circuit diagram of the load application system.

The reciprocating motion is enabled by the servo drive unit and transferred to the
reciprocating linear slide using a belt drive with a gear ratio of 1:1. Both the upper and
lower parts of the linear slide can be seen in Figure 5. The linear slide is supported by
four linear guide ball bearings, and a ball screw drive, with a lead of 1.5 mm/rev, is used
to convert the reciprocating rotational motion to reciprocating linear motion (Figure 5b).
Specifications for the motor drive inverter used to control the servo drive unit and thus
the sliding speed can be seen in Table 1. The displacement of the linear slide, measured
with a laser distance sensor Baumer OADM 12U6460/S35A at different stroke lengths, is
presented in Figure 6. Note that the slider is set to stand still for 0.1 s at the reversal points.
It can be seen that for all tested stroke lengths, the slider accelerates rapidly from standstill
to the given sliding velocity, which is thereafter maintained relatively constant until a rapid
deceleration at the end of the stroke before it reaches the reversal point.
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(a) (b) 

μ

Figure 5. Linear drive unit. (a) Layout of the upper part of the linear drive unit. The picture shows the principle behind the
friction load measurement. (b) Layout of the lower part of the linear drive unit.

Table 1. Data acquisition system and drive unit.

Function Model Number

DAQ System NI cDAQ-9174
Voltage input module NI 9205
Relay output module NI 9485

Voltage output module NI 9263
Thermocouple input module NI 9213

Motor drive inverter MDX61B 0040-5A3-4-00
Electric motor drive CMP71M (synchronous servo motor)

   
(a) (b) (c) 

μ

Figure 6. The displacement of the linear slide measured with a laser distance sensor at a stroke length of (a) 4.5 mm,
(b) 9 mm and (c) 22.5 mm. The nominal contact pressure is 40 MPa and the sliding velocity is 8.8 mm/s for the stroke length
of 9 mm and 9.5 mm/s for stroke lengths of 4.5 and 22.5 mm. The linear slide is set to stand still for 0.1 s at the reversal
points. Observe that the range for the y-axis differs between the figures. The sensor has a resolution ranging between 16
and 120 µm depending on the measurement distance.
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In Figure 5a the principle of the friction load measurement is shown. The lower
specimen holder is fixed on top of a base plate which is suspended between two supports
using two spring plates. Friction is measured using two load cells that have been preloaded
to half of their capacity using two springs of high stiffness.

Normal loads of up to 30 kN and friction forces of up to 20 kN can be measured in the
developed test rig. The specifications of the test rig seen in Table 2 have been chosen to
cover the range of operating conditions in the Kaplan trunnion bearings. The sensors used
in the test rig to measure friction and wear can be seen in Table 3. Tests can be performed
in dry or lubricated conditions with relevant lubricant, e.g., water, grease or oil.

Table 2. Test rig operating condition specifications.

Contact Configuration Flat-On-Flat

Sample size of bearing material 18 × 18 (mm)
Stroke length 0.1–100 (mm)
Sliding speed 0.1–100 (mm/s)

Maximum contact pressure 90 (MPa) (18 × 18 mm sample and 30 kN load)

Table 3. Load and displacement sensors used.

Normal load cell Burster 8526-6050
Friction load cells Burster 8526-6050

LVDT displacement sensor Burster 8739-5002-V501

The data acquisition system consists of a National Instruments CompactDAQ chassis
which contains the I/O modules shown in Table 1. The analog voltage input module
connected to both friction and normal load cells has a maximum sample rate of 250 kS/s
and the thermocouple input module has a maximum aggregate sample rate of 75 S/s. The
thermocouple module has built-in cold junction compensation which is also used for the
tests. Because of the low frequency movement in the actual tests performed, a sampling
frequency of 0.05 Hz is used to capture the wear and slow changes in the general friction
level. In addition to this, a measurement file of 40,000 measurement points is captured
every 400 s at a sampling frequency of 1 kHz to track changes in friction characteristics
for a full stroke. National Instruments LabView is used to control the test rig and record
measurement data.

3. Experimental Materials and Methods

In the following section, the experimental materials and methods used for the tribo-
logical tests are described.

3.1. Materials and Specimen Preparation

Two commercially available self-lubricating polymer composite bearing materials
were used for the tribological tests, one thermoset and one thermoplastic material. The
thermoset (Orkot TXM Marine) (Trelleborg Sealing Solutions Rotherham, Rotherham,
UK) is a fabric reinforced material incorporated with MoS2 and PTFE lubricants, and it
has PTFE interwoven polyester on its running surface (Figure 7a). The thermoplastic
material (Thordon ThorPlas Blue) (Thordon Bearings Inc., Burlington, ON, Canada) is a
homogeneous polymer blend with incorporated additives and solid lubricants such as
PTFE (Figure 7b). The characteristics and a more detailed analysis of the composition and
microstructure of the materials are presented in [15].
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(a) (b) 

  
(c) (d) 

Figure 7. Representative images of the load-carrying surfaces before test of the bearing materials and stainless steel
specimens used for the reciprocating tests illustrating the following: (a) thermoset pin with a marked area representing the
size of the pins used in previous studies [15,16]; (b) thermoplastic pin; (c) stainless steel (SS 2333) surface with the reference
points for 3D profilometry measurements; (d) surface topography of the stainless steel surface in figure (c), objective: 2.75×,
field of view: 0.5×. The sliding direction in all figures is parallel to the vertical axis.

For the tribological tests, pin specimens with dimensions of 18 × 18 × 10 mm3

(l × w × h) were used, machined from the two bearing materials. This gives a 20 times
larger nominal contact area in comparison to previous studies by the authors [8,15] where
pins with dimensions of 4 × 4 × 4 mm3 (l × w × h) were used, illustrated in Figure 7a. In
order to minimize the edge effect and to remove fibers that protrude from the surface and
machining marks, the edges of the load-carrying side of the polymer pins were manually
ground using SiC abrasive paper of grit size #600. Thereafter, the polymer pins were
cleaned in an ultrasonic bath using ethanol for three minutes and dried in air before testing.
Only the thermoset polymer pins were used for studying the effect of contact pressure. For
the contact temperature prediction study, thermoplastic polymer pins were used due to
their homogeneous properties, which are less complex for modeling.
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Flat stainless steel plates were used as countersurfaces for the tribological tests,
mounted in the lower specimen holder on the linear slide. The plates were machined
to dimensions 112 × 40 × 10 mm3 (l × w × h) and thereafter ground with their surfaces
lying parallel to the sliding direction. A representative optical image and corresponding
surface topography of the SS 2333 stainless steel surface before test are shown in Figure 7c,d.
Before the experiments, the plates were cleaned in an ultrasonic bath for seven minutes
using ethanol and dried in air. For the study regarding the influence of contact pressure, the
countersurface was made from SS 2333, which is an austenitic steel; its chemical composi-
tion is shown in Table 4. The measured hardness of the SS 2333 plates was 259 ± 6 HV1 and
the areal arithmetic average surface roughness (Sa) was 0.43 ± 0.10 µm. For the influence of
stroke length study, the countersurface was made from SS 2387 (EN1.4418 QT 900), which is
a high-strength stainless steel; its chemical composition is shown in Table 4. The measured
hardness of the SS 2387 plates was 337 ± 7 HV0.1 and the areal arithmetic average surface
roughness (Sa) was 0.53 ± 0.08 µm. Both stainless steel materials are corrosion-resistant
and used for shafts in hydropower turbines. However, SS 2387 is more commonly used
due to its higher strength.

Table 4. Chemical composition of stainless steel SS 2333 and SS 2387 in wt%, Fe makes up the balance.

Stainless Steel C Si Mn P S Cr Ni Mo

SS 2333 Max 0.05 Max 1.0 Max 2.0
Max
0.045

Max
0.045

15.0–17.0 8.0–11.0 -

SS 2387 Max 0.05 Max 1.0 Max 1.5
Max
0.045

Max
0.030

15.0–17.0 4.0–6.0 0.80–1.5

3.2. Test Conditions and Methodology

The tribological tests performed were divided into two parts: the effect of contact
pressure and the effect of stroke length (see Table 5). The tribological tests were carried out
using the newly developed test rig (Figure 2) under dry reciprocating sliding and ambient
conditions. The test conditions are presented in Table 5, and the selected sliding speeds
and contact pressures are in the range of typical operating conditions in the Kaplan turbine
bearings. Two tests were carried out for each operating condition in both studies. For the
effect of contact pressure study, one countersurface and one thermoset pin were used for
the three contact pressures, in ascending order. A fresh countersurface and thermoset pin
were used for the repetition tests. Between the wear tests, loose wear particles accumulated
at the edges of the wear track, especially at the reversal points, were carefully removed
using pressurized air. For the effect of stroke length study, a fresh countersurface and
thermoplastic pin were used for each test.

Table 5. Experimental conditions used for the tribological tests in the two studies, i.e., effect of contact pressure and effect of
stroke length.

Test Parameter Effect of Contact Pressure Effect of Stroke Length

Normal load (kN) 8.5 17.2 25.9 13
Nominal contact pressure (MPa) 26 53 80 40

Stroke length (mm) 22.5 4.5 22.5
Reciprocating frequency (Hz) 0.15 1.05 0.21

Sliding velocity (mm/s) 6.9 9.5
Test duration (h) 168 144 166

Total sliding distance (m) 3540 4392
Countersurface roughness, Sa (µm) 0.43 ± 0.10 0.53 ± 0.08

Temperature (initial) (◦C) 24.1 ± 0.4 24.4 ± 0.7
Relative humidity (%) 16.5 ± 2.5 32.8 ± 10.0
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To simulate the start and stop behavior that the bearings in hydropower turbines are
subjected to due to more frequent control, the slider was set to stand still for 0.1 s at the
reversal points.

For the contact pressure study, additional static load tests were carried out to study
the creep behavior of the thermoset material at the different nominal contact pressures.
Two static load tests were carried out for each contact pressure where the normal load was
applied for 168 h without reciprocating motion. Similar to the dynamic tests, one counter-
surface and one thermoset pin were used for the three contact pressures, in ascending order.
A fresh countersurface and thermoset pin were used for the repetition tests. The creep
behavior was measured by continuously monitoring the height reduction of the polymer
pin using the LVDT displacement sensor.

During the tribological tests, the friction force was continuously measured by the load
cells using 1 kHz sample frequency. The friction measurements were used to calculate mov-
ing average friction coefficient values for the complete test duration. The maximum friction
coefficient during one stroke and how this value varies with time were also analyzed.

The wear of the polymer pin was continuously measured using the LVDT displace-
ment sensor, and the wear data were collected with 20 s intervals. The specific wear rates
were calculated for the interval between 80 h and the end of the test based on earlier
findings [4] stating that most of the commercially available polymer composite bearing
materials used in hydropower applications reach a steady-state wear rate before 80 h
of operation.

The temperature was measured using six type K thermocouples during the tribological
experiments with the thermoplastic material to study how the contact temperature is
affected by the stroke length under the same contact pressure and sliding speed. Two
experiments were carried out per stroke length (4.5 and 22.5 mm). The positions of the
thermocouples are illustrated in Figure 8. Note that thermocouple number 3 is located
8.5 mm below number 2 to measure the difference in temperature through the depth
of the steel plate. One thermocouple was located between the upper specimen holder
and the right edge of the polymer pin. The ambient temperature was measured using a
thermocouple located in ambient air at the same height as the contact between the polymer
pin and the stainless steel plate. The thermocouple data were collected with a sample
frequency of 1 Hz.

In addition to measuring the temperature distribution in the steel disc, two different
approaches to estimate the contact temperature were used. The first approach was to
estimate the contact temperature in the middle of the wear track (Tc) using a reformulation
of Fourier’s law according to the following:

Tc =
∆x1T2 − ∆x2T1

∆x1 − ∆x2
, (1)

where ∆xi is the distance between the location of the thermocouple i (1 or 2) and the middle
of the wear track, and Ti is the measured temperature of thermocouple i.

The second approach was to develop an elementary heat transfer model in COMSOL
Multiphysics. The model assumes a perfectly uniform contact pressure between the bearing
and the stainless steel. Thereby, a corresponding uniform frictional shear stress distribution
can be calculated using the obtained mean friction coefficient from the reciprocating sliding
tests. The generated heat is calculated as the frictional shear stress over a sliding distance.
Furthermore, the heat flux distribution can be calculated as the sum of the heat generated
at all discretized steps in a cycle divided by the cycle time. In this simulation model,
the thermal conductivity is the main material parameter; for the countersurface, made
of stainless steel, a thermal conductivity of 15 Wm−1K−1 is used, and the surrounding
aluminum block has a thermal conductivity of 238 Wm−1K−1. To make sure that the
elementary model produces realistic results, temperature measurements were taken at four
different locations on the countersurface using thermocouples; the location of these can be
seen in Figure 8. Initial measurements indicated that the heat flux in the system was far
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from ideal. Therefore, a thin layer of air with thermal conductivity of 0.024 Wm−1K−1 and
a convective heat flux on the upper surface of the counter specimen were included in the
model. The thickness of the thin layer of air and the heat transfer coefficient were unknown
and can therefore be used as variables that can be optimized to achieve a model that
minimizes the error of the measurements. The calibrated model has an air layer thickness
of 0.5 mm and a heat transfer coefficient of 51 Wm−2K−1.

 
Figure 8. Schematic representation of the wear tracks on the stainless steel plate showing the positions
of the six type K thermocouples used for measuring the temperature during the tribological tests.

Surface topography measurements of the stainless steel plate and polymer pin surface
were performed using Zygo NewView 7300 (Middlefield, CT, USA) 3D optical profilometer
with a 1.375× magnification for the stainless steel plates and 2.75× for the polymer pins.
The before and after surface roughness measurements of the stainless steel plate were
performed between the same reference points, as illustrated in Figure 7c. Optical images of
the test specimens before and after the test were obtained 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).

4. Results and Discussion

In the following section, results obtained from the tribological experiments are pre-
sented and discussed.

4.1. Repeatability of Friction and Wear Measurements

Figure 9 shows the average and maximum coefficients of friction as a function of time
for the entire test duration for the thermoset material sliding against the stainless steel at
different nominal contact pressures. The enveloping curves indicate the scatter between
repeat tests, and the curves for each contact pressure follow similar patterns and are close
to each other. Note that the sharp peak at 113 h for a contact pressure of 80 MPa was due to
power failure, and the test was thereafter restarted for the remaining test duration. It is
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clear from the enveloping curves that the long-term repeatability of friction measurements
for the test rig is good at all contact pressures. Both the mean and maximum coefficients of
friction have a maximum deviation of 5% between repeat tests, which is within the range
shown previously for the thermoset material [15–19].

  
(a) (b) 

Figure 9. Average and maximum coefficients of friction versus time for the two repeat tests with the thermoset at a contact
pressure of (a) 26 and 53 MPa and (b) 80 MPa. The enveloping curves indicate the scatter between repeat tests. Note
that the second test at 80 MPa was interrupted after 113 h due to power failure and thereafter restarted for the remaining
test duration.

The deviation in coefficient of friction between repeat tests is mainly attributed to
the difference in initial countersurface roughness (Sa) between the two stainless steel
countersurfaces, 0.52 ± 0.01 µm compared to 0.34 ± 0.003 µm. The countersurface with the
lower initial surface roughness exhibited a higher degree of abrasive wear contributing to
a higher plowing component of friction. A higher coverage by transfer layers was seen for
the countersurface with a higher initial surface roughness contributing a lower coefficient
of friction due to improved self-lubrication. Another contributing factor for the scatter
between the repeat tests is the inherent deviation between the thermoset pins due to the
complex structure of the material with some variations in content and appearance as seen
in Figure 7a.

Figure 10 shows the friction behavior over approximately four cycles at the end of
each test (168 h). The friction measurements have high resolution that makes it possible to
capture transient events such as the static friction peak at the beginning of the stroke.

The repeatability of the friction measurements between load cycles is very good for
all tests as seen for the four load cycles in Figure 10. The same applies to the repeatability
between tests, except for the 26 MPa tests that have a slightly different appearance which is
likely due to the deviation in initial surface roughness of the stainless steel countersurface
and variations in the thermoset pins.

The height reduction curves of the thermoset pin as a function of time for the entire
test duration at different contact pressures are presented in Figure 11. The repeat test at
the contact pressure of 80 MPa was interrupted due to power failure after approximately
113 h and thereafter restarted for the remaining test duration. This explains why the height
reduction for the corresponding test goes to zero at the time of interruption followed by
a new running-in period with a more rapid increase in height reduction, although to a
lower level than the initial. The height reduction curves for each contact pressure are close
to each other and follow similar trends. At low contact pressure (26 MPa), the deviation
in average height reduction between repeat tests is only 1.6%. The deviation increases at
higher contact pressures with a maximum deviation of 9.6%, which is within the range
of what has previously been reported for the thermoset material [15,18,19]. Based on the
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height reduction curves at different contact pressures (Figure 11), it can be stated that the
repeatability of the wear measurements for the test rig is good.

  
(a) (b) (c) 

  
(d) (e) (f) 

Figure 10. Coefficient of friction curves illustrating typical friction behavior at the end of the test (168 h) for the thermoset
material at a nominal contact pressure of (a) 26 MPa, Test 1; (b) 53 MPa, Test 1; (c) 80 MPa, Test 1; (d) 26 MPa, Test 2;
(e) 53 MPa, Test 2; and (f) 80 MPa, Test 2. The linear slide is set to stand still for 0.1 s at the reversal points.

Based on the hardness measurements reported for the thermoset material [19], a stan-
dard deviation of more than 10% can be seen between the measurements. This is attributed
to the structural heterogeneity of the thermoset with nonuniform spacing between the
woven fibers and larger pores situated on different locations in the material revealed by
tomographic reconstruction of the material at different magnifications [15]. This is one of
the explanations for the deviation in wear measurements of the thermoset between the
repeat tests. The deviation is higher at higher contact pressures, where the thermoset is
subjected to a higher degree of plastic deformation as exemplified in Figure 12.

4.2. Effect of Contact Pressure on Friction and Wear

The bearings (radial and axial) in hydropower applications operate at high nominal
contact pressures up to 80 MPa (such as the lever/link bearings). In previous studies
on the thermoset bearing material, nominal contact pressures between 20 and 28 MPa
have been selected for flat-on-flat configurations using small pins with dimensions of
4 × 4 × 4 mm3 [8,15,18,19] and nominal contact pressures of 20–30 MPa have been se-
lected for journal bearing configurations [4,20,21]. For the flat-on-flat configurations, the
maximum load is limiting the nominal contact pressures and the polymer pins are usually
quite small to obtain higher contact pressures. Therefore, it is of great interest to investi-
gate the tribological behavior of polymer composite bearing materials at nominal contact
pressures higher than 30 MPa and to use larger polymer pins.
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Figure 11. Height reduction versus time for the thermoset material at different nominal contact
pressures. Note that the second test at 80 MPa was interrupted after 113 h due to power failure and
thereafter restarted for the remaining test duration.

 
Figure 12. Optical image of the thermoset pin (side view) after sliding against the stainless steel at a
contact pressure of 80 MPa. The dashed lines indicate the initial shape of the pin prior to test. Arrow
symbols indicate sliding direction.

The average mean and maximum coefficients of friction for the thermoset material
sliding against stainless steel at different nominal contact pressures between 26 and 80 MPa
are shown in Figure 13a. The thermoset material shows decreasing coefficients of friction,
both mean and maximum, with increasing nominal contact pressure. The decrease is
significantly higher between the lowest (26 MPa) and the intermediate (53 MPa) nominal
contact pressures of 59% and 55% for the average and maximum coefficients of friction,
respectively, in comparison to the difference between the intermediate and the highest
(80 MPa) nominal contact pressures of only 9% and 8%, respectively. This means that the
friction decrease is not following a linear trend, which has previously been reported for
the thermoset material at contact pressures between 9 and 28 MPa [15]. Instead, the rate of
friction decrease slows down and stabilizes somewhere between 26 and 53 MPa.
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(a) (b) 

Figure 13. Variation of (a) the average of the mean and maximum coefficients of friction as a function of nominal contact
pressure for the thermoset bearing material and (b) the average specific wear rate calculated between 80 h and the end of
the test as a function of nominal contact pressure for the thermoset bearing material. Note that the standard deviation bars
are missing for the reciprocating sliding tests at 80 MPa due to interruption during the repetitive test.

The obtained mean and maximum coefficients of friction for the thermoset at the
lowest contact pressure of 26 MPa, with averages of 0.067 ± 0.005 and 0.075 ± 0.005
respectively, are lower than the ones reported in previous studies at similar operat-
ing conditions [8,15,18,19]. This is attributed to the size of the thermoset pins used in
this study, which has a 20 times larger nominal contact area in comparison to previous
studies [8,15,18,19]. This gives a better representation of the thermoset material as seen in
Figure 7a due to a proportionally higher content of solid lubricants. In addition, a larger
nominal contact area is less sensitive to small misalignments and variations in surface
topography of the samples.

The friction measurements of the newly developed test rig allow the study of changes
in the frictional behavior over time with a high resolution. This is illustrated in Figure 14,
where coefficient of friction curves over approximately half of an oscillation cycle are
presented for the thermoset at 26 MPa nominal contact pressure after 0.5, 60 and 168 h.
They represent the frictional behavior in the beginning, middle and end of the test. Friction
changes over time with respect to both the behavior and the level. Hence, the friction
measurements make it possible to study the frictional behavior during running-in and the
steady state.

  
(a) (b) (c) 

Figure 14. Coefficient of friction curves over approximately half of an oscillation cycle illustrating typical friction behavior
for the thermoset with a nominal contact pressure of 26 MPa at (a) 0.5 h, (b) 60 h and (c) 168 h (end of test).
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The average specific wear rates for the thermoset material sliding against stainless steel
at different nominal contact pressures between 26 and 80 MPa are presented in Figure 13b.
In contrast to the coefficient of friction, the wear rate of the thermoset is not significantly
influenced by changes in the contact pressure. The specific wear rate increases by 12% from
the lowest (26 MPa) to the intermediate (53 MPa) nominal contact pressure where it is the
highest. The decrease between the intermediate and the highest (80 MPa) nominal contact
pressure is only 5%. It is interesting that despite the relatively stable wear rates, the changes
in coefficient of friction are more significant between the lowest and intermediate contact
pressure. A higher influence of contact pressure on the coefficient of friction compared to
the specific wear rate for the thermoset has previously been reported in [15], where the
highest specific wear rate was obtained at the intermediate contact pressure.

The obtained wear rate for the thermoset at the lowest contact pressure of 26 MPa, with
an average of 1.27 ± 0.15 × 10−7 mm3/Nm, is significantly lower than the ones reported
in previous studies at similar operating conditions with an average between 3 × 10−7 and
2.9 × 10−6 mm3/Nm [8,15,18,19]. This is mainly attributed to the larger thermoset pins
used in this study. A larger sample means that there is a higher content of reinforcement in
the material that strengthens the material and supports the load, which contributes to a
higher wear resistance. This illustrates the importance of using larger thermoset pins for
the tribological behavior.

The obtained wear rate at the lowest contact pressure of 26 MPa is closer to the value
reported using journal bearing set-up at similar contact pressure (29 MPa), with an average
of 0.83 × 10−7 mm3/Nm [20]. This indicates that by using larger polymer pins of the
thermoset material it is possible to obtain results closer to those from component testing.

The influence of contact pressure on the tribological behavior of the thermoset material
has previously been studied for contact pressures between 9 and 28 MPa [15]. The highest
wear resistance was reported at the lowest contact pressure and the lowest wear resistance
was reported at the intermediate contact pressure. The obtained wear rates in this study
(Figure 13b) show rather stable behavior for all tested contact pressures. This indicates that
the wear rate of the thermoset stabilizes somewhere around 19 to 26 MPa and is thereafter
not significantly influenced by contact pressures up to 80 MPa.

The creep behavior of the thermoset material has not previously been investigated.
Rodiouchkina et al. [8] suggested that the thermoset material at high contact pressure
(26 MPa) is subjected to more creep and compressive deformation rather than wear due to
low material loss in comparison to the height reduction. To investigate the creep behavior
of the thermoset material, static load tests were carried out for the same test duration as the
reciprocating sliding tests. The height reduction of the thermoset pin as a function of time
at the different nominal contact pressures is presented in Figure 15a. It can be observed
that the height reduction increases with increasing contact pressure and most rapidly in
the beginning.

The deviation in height reduction between repeat tests is much higher at low contact
pressures (26 and 53 MPa) in comparison to the highest (80 MPa) and shows a decreasing
trend with increased contact pressure. This implies that there are variations in creep
and deformation resistance between the thermoset pins. These variations become less
prominent at higher contact pressures, where the thermoset material is subjected to a higher
degree of compressive deformation as seen in Figure 12.

The average height reduction of the thermoset pin during static loading compared
to reciprocating sliding at different nominal contact pressures is shown in Figure 15b.
The height reduction during static loading tests increases linearly with increasing contact
pressure. The height reduction from creep and compressive deformation constitutes a large
part (35% to 59%) of the total height reduction during reciprocating sliding tests, especially
at the lower contact pressures.



Lubricants 2021, 9, 123 16 of 21

  
(a) (b) 

Figure 15. Variation of (a) the height reduction of the thermoset pin with test duration at different nominal contact pressures
and (b) average height reduction of the thermoset pin during static loading and reciprocating sliding tests at different
nominal contact pressures. Note that the standard deviation bars are missing for the reciprocating sliding tests at 80 MPa
due to interruption during the repetitive test.

The worn surface topographies of the thermoset polymer pin and the stainless steel
surface are presented in Figure 16. Despite the fact that the stainless steel surface is uneven
before the test (Figure 7d), the wear of the thermoset pin is evenly distributed, which
is clearly visible for the lowest contact pressure of 26 MPa (Figure 16a). This indicates
a good alignment between the thermoset pin and the stainless steel surface. At higher
contact pressures (53 and 80 MPa), the edges of the thermoset pin parallel to the sliding
direction are more worn than the middle, especially at the highest contact pressure. This is
explained by the deformation of the thermoset pin at higher contact pressures, where the
material is bulging out on the edges as illustrated in Figure 12. This leads to a reduction in
strengthening from the reinforcements in the thermoset, especially in the direction of the
PTFE fibers (perpendicular to the sliding direction) which are weaker than the polyester
fibers (parallel to the sliding direction). Therefore, the thermoset is less wear-resistant at
the edges parallel to the sliding direction.

The deformation of the load-carrying side of the thermoset pin after sliding at the
lowest contact pressure (26 MPa) is negligible, with only a 0.6% increase in the x- and
y-directions. The increase is slightly higher at the intermediate contact pressure but is
much higher at the highest contact pressure with 9.5% in the x-direction and 4.5% in the
y-direction as seen in Figure 16c. This indicates that the compressive deformation is highest
in the direction of the weaker PTFE fibers. As seen in Figure 12, the thermoset pin at the
highest contact pressure is significantly deformed and appears to have been loaded beyond
its elastic limit. This highlights the importance of the test rig to provide high normal loads
to enable investigating the tribological performance of polymer composites at its limit in
terms of mechanical strength.

The decrease in coefficient of friction with increased contact pressure is explained by
the increase in coverage by transfer layers on the stainless steel at higher contact pressures
as seen in Figure 16d–f. The number of abrasive grooves formed on the stainless steel
surface is increased at the highest contact pressure (Figure 16f) in comparison to the lower
contact pressures (Figure 16d,e). This explains the lower decrease in coefficient of friction
between the intermediate and highest contact pressure in comparison to between the lowest
and the intermediate due to the increased plowing component of friction.
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(a) (b) (c) 

   
(d) (e) (f) 

Figure 16. Surface topography of the load-carrying surface of the thermoset after sliding against stainless steel at a nominal
contact pressure of (a) 26 MPa, (b) 53 MPa and (c) 80 MPa. Objective: 2.75×, field of view: 1×. Observe that the scale
on the y-axis differs between the different pressures. Surface topography of the wear track formed on the stainless steel
surface after sliding against the thermoset at a nominal contact pressure of (d) 26 MPa, (e) 53 MPa and (f) 80 MPa. Objective:
2.75×, field of view: 0.5×. Black areas in figure (d–f) are missing data points and correspond to regions with thick layers of
polymer wear debris, which have poor reflectivity during surface topography measurements. The sliding direction in all
figures is parallel to the vertical axis.

4.3. Effect of Stroke Length and Contact Temperature Prediction

In this section, the results for the two different approaches to estimate the contact
temperature based on thermocouple measurements are shown. The average mean and
maximum coefficients of friction for the thermoplastic material sliding against stainless
steel at stroke lengths of 4.5 and 22.5 mm are shown in Figure 17. The thermoplastic
material shows a slightly decreasing coefficient of friction with increasing stroke length,
especially for the maximum coefficient of friction.
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Figure 17. Average of the mean and maximum coefficients of friction as a function of stroke length
for the thermoplastic bearing material.

During the tribological tests with the two stroke lengths, the temperature increase
was measured using six thermocouples as illustrated in Figure 8. The two thermocouples
that were closest to the wear track, i.e., numbers 1 and 2 for the 4.5 mm stroke length and
numbers 2 and 4 for the 22.5 mm, were used for the estimation of the contact temperature
in the middle of the wear track. To study the temperature increase, the measured ambient
temperature located at the same height as the contact was subtracted. The calculated contact
temperature increase in the middle of the wear track as a function of time is illustrated for
one test with 4.5 mm stroke length in Figure 18a. The corresponding mean and maximum
coefficients of friction versus time for the test are shown in Figure 18b. It is clear that the
contact temperature in the middle of the wear track is following similar patterns as the
coefficient of friction and follows the changes in the coefficient of friction.

  
(a) (b) 

Figure 18. For the thermoplastic bearing material at a 4.5 mm stroke length: (a) estimated contact temperature increase in
the middle of the wear track versus time; (b) the mean and maximum coefficients of friction versus time.
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The average contact temperature increase in the middle of the wear track during the
steady state (after running-in period) was 13.3 ± 0.3 ◦C for the 4.5 mm stroke length and
12.3 ± 0.2 ◦C for the 22.5 mm stroke length. The 8% lower temperature increase at the
higher stroke length is partly attributed to the lower coefficient of friction and hence the
generated friction power. It is also explained by the fact that the 22.5 mm stroke length is
longer than the thermoplastic pin (18 mm), which means that there will always be a part of
the wear track that is exposed to the ambient environment. Hence, the stainless steel at the
higher stroke length will be cooled by convection and radiation.

The temperatures measured using the thermocouples for the test presented in Figure 18
were also used to develop the contact temperature prediction model together with the
measured coefficient of friction.

The elementary heat transfer simulation model was used to compare the temperature
between two tests at different stroke lengths. Figure 19a shows the calibration with a
22.5 mm stroke length and Figure 19b shows the model with a 4.5 mm stroke length.
The friction coefficients that were used as input for the model were obtained from the
reciprocating tests. The average friction values were taken at the same test duration and in
the steady-state region. The 22.5 mm stroke length had an average coefficient of friction of
0.095 while the corresponding value for the 4.5 mm stroke length was 0.057. The model
shows that even though the coefficient of friction differs between the stroke lengths, the
maximum average temperatures are similar (Figure 19). In contrast to the first approach to
estimate the contact temperature, the elementary heat transfer model predicts temperature
without any measured temperature data. Thus, the model can be used to predict and
compare the average temperatures in the contact for a wide range of materials, loads,
speeds, etc.

  
(a) (b) 

Figure 19. Illustration of the simulation model at (a) 22.5 mm stroke length and (b) 4.5 mm stroke length. The stainless
steel countersurface is light gray and the wear tracks are dark gray. Black boxes indicate the location of the thermocouples,
temperature distribution is shown on half the countersurface, and temperatures for the thermocouples and the maximum
temperature are displayed. The black arrows point towards the position of thermocouple No. 3 which is in a milled grove
underneath the stainless steel countersurface.

5. Conclusions

The developed test equipment and method can be used to evaluate the friction and
wear performance of self-lubricating bearings for contact pressures up to 90 MPa using
varying stroke lengths from 0.1 to 100 mm and a sliding speed range from 0.1 to 100 mm/s.
It can be used as a quick screening tool to assess the friction and wear performance of
bearing material and shaft material combinations. Further, the effect of changing the
operating conditions, i.e., sliding speed, contact pressure and stroke length, on the friction
and wear can be characterized.

Furthermore, the developed test method considers important bearing design consider-
ations such as the following:
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• Creep of the bearing material during static loading. The deformation due to static
loading of the investigated material in this study was in the same magnitudes as wear
and can be an important factor for real applications.

• Changes in the friction coefficient level during the full stroke. This is important
because unfavorable changes in the frictional behavior can induce vibrations due to
stick–slip in a real mechanical system.

• Contact temperature which affects the transfer film formation and thus the friction
and wear properties of self-lubricating composite materials.
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Abstract 

The rapid integration of wind and solar photovoltaics into the electricity systems requires more active 

control of the power output in order to compensate fluctuations in supply. The hydropower plants 

shoulders a large portion of the regulation and balancing duty in many power systems and are 

therefore subjected to a higher number of start/stop cycles and significantly higher number of load 

cycles with small sliding amplitudes. In Kaplan turbines, the most critical components are the self-

lubricating polymer composite bearings used for control of the guide vanes and the turbine blades. 

Reducing the sliding wear and friction of these bearings would offer a positive impact on both the 

economy and environment including longer useful life, lower operational costs and higher efficiency. 

In this study, influence of stainless-steel counter surface roughness and lay on the tribological 

behaviour of three bearing materials used in hydropower applications are investigated using a linear 

reciprocating flat-on-flat configuration under high pressure and low sliding speed. Surface roughness 

was measured using white light interferometry. SEM and EDS analysis were used to investigate the 

worn surfaces. 

Results from this study shows that too smooth surfaces result in higher friction and wear of the counter 

surface while rougher surfaces have a negative effect on the wear of the polymers. Highest surface 

coverage by protective transfer layers is found on the steel surfaces with perpendicular lay and is 

accompanied with lower coefficient of friction compared to the parallel lay. The dominant wear 

mechanism of the bearing materials changes from delamination wear to abrasive wear between the 

lowest and the intermediate roughness for steel surfaces with parallel lay. It can be concluded that 

counter surface topography has a significant influence on the tribological behaviour of these bearing 

materials and the effect differs between the self-lubricating polymer composites. 

 

Keywords: Surface roughness; Surface lay; Topography; Sliding wear; Sliding friction; Self-

lubricating; Solid lubricants; Polymer composites; Transfer layers; High contact pressure 
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1. Introduction 

The use of renewable energy sources has dramatically increased in recent years, mainly driven by 

legislation and an increased will to take action to combat the global climate crisis. Hydropower is today 

the largest renewable energy source providing almost half of the low-carbon electricity generation 

worldwide and plays a key role in providing flexibility and security of electricity systems [1]. This is 

because an electricity production from other renewable sources such as wind and solar photovoltaics 

is strongly influenced by weather, time of the day or season. Hence, the rapid integration of these 

sources into the electricity systems requires active control of the power output to compensate for 

fluctuations in supply. Meanwhile, the hydropower plants, can very rapidly ramp their electricity 

generation up and down as well as be stopped and restarted relatively smoothly [1] and are therefore 

shouldering a large portion of the regulation and balancing duty in many power systems [2]. These 

new requirements for the hydropower has shown to have a negative effect on the service life of the 

turbines [3-6] and can lead to reduced productivity and in the worst case turbine failure [4]. 

The self-lubricating polymer composite bearings used for adjustments of the guide vanes and the 

turbine blades are critical components affected by the higher number of start/stop cycles and 

significantly higher number of load cycles with small sliding amplitudes [3]. Therefore, it is of great 

interest to investigate how the operating conditions for these bearings can be optimized in order to 

obtain lower friction and wear. An important aspect to investigate is the effect of the stainless-steel 

counter surface topography on friction and wear. 

Lloyd and Noel [7], reported increased friction and wear with increased counter surface roughness for 

ultrahigh-molecular-weight polyethylene (UHMWPE) sliding against stainless steel (Ra 0.1–1.0 µm). In 

contrast to these findings, a decrease in coefficient of friction with increased counter surface 

roughness was reported in [8] for elastomers sliding against steel (Ra 0.15–0.7 µm) as well as in [9] for 

various conventional polymer composite materials sliding against grey cast iron (Rq 0.094 µm and 2.16 

µm). Nunez and Polycarpou [9], attributed this behaviour to a higher number of contact spots when 

the surface is smoother, contributing to a higher shear traction needed to slide against the polymer. 

Zsidai et al. [10], also observed a reduction in friction for most of the tested engineering thermoplastics 

sliding against a rougher (Ra 0.1–0.3 µm) compared to a smoother (Ra 0.02–0.08 µm) hardened and 

tempered 40CrMnNiMo8 steel surface. This was explained by a decreased influence of adhesion on 

friction with increased counter surface roughness. Golchin et al. [11], investigated the effect of counter 

surface topography on performance of polyphenylene sulfide (PPS) composites sliding against Inconel 

625 with surface finish of Ra 0.08–0.55 µm and found that, irrespective of the surface lay orientation, 

a lower friction was observed for the roughest counter surfaces. Pooley and Tabor [12], demonstrated 

that the coefficient of friction of polytetrafluoroethylene (PTFE) is marginally affected by the nature of 

the counter surface as long as it is smooth (Ra below 0.1 µm). 

Zsidai et al. [10] and Quaglini et al. [13] suggested that an optimal counter surface roughness exists for 

any polymer resulting in minimum friction. Quaglini et al. [13] proposed that it depends on the bulk 

properties of the polymer and that softer polymers with a lower modulus of elasticity exhibit improved 

sliding performance on very smooth surfaces (Ra 0.05–0.10 µm) whereas the high-modulus polymers 

display the lowest friction with rougher, polished counter surfaces (Ra 0.10–0.30 µm).  

According to Zsidai et al. [10], two mechanisms contribute to the friction force between a 

thermoplastic and steel: adhesion in the contact zone and deformation of the polymer. In case of 
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sliding against rough surfaces, the deformation component increases, while for smooth counter 

surfaces the adhesion becomes more important. The terms “smooth” and “rough” are commonly used 
to describe the surfaces, nevertheless, according to Quaglini et al. [13], these terms are used in a 

qualitative sense and the corresponding values have not been defined. 

The counter surface roughness will also affect the wear behaviour of polymers. Lower wear against 

smooth surfaces compared to rougher was observed for most of the tested engineering thermoplastics 

in [10]. However, there is lack of explanations for this behaviour. Giltrow and Lancaster [14], suggested 

that transfer layers reduce the surface roughness of the counter surface by filling the surface valleys. 

This reduces the magnitude of the local stresses on fibres at the polymer composite surface. The 

reduced stress levels will also improve the fatigue behaviour, as reported in [14-15], contributing to 

lower wear rates. A critical surface roughness was proposed, above which the transfer layers will be 

unable to mask the highest asperity peaks [14]. In that case, an abrasive (cutting) component of wear 

will be prevalent even after establishment of the transfer layers. 

The information on the influence of counter surface lay on the tribological performance is scarce in 

the open literature. A lower coefficient of friction for perpendicular lay compared to parallel lay is 

described in [11] for PPS composites sliding against Inconel 625 (Ra 0.08–0.55 µm). However, the 

influence on the wear rate differs between the various composite materials, where some experience 

lower wear rate for perpendicular lay and other up to two order of magnitude higher wear rate 

compared to parallel lay. Transfer layers formation is also affected by surface lay where perpendicular 

lay results in improved coverage compared to parallel [11, 16-17]. 

It is clear that both counter surface roughness and lay has a significant influence on the tribological 

performance of various polymer materials but the friction and wear response is highly material 

dependent. Hence, it is of great importance to investigate the influence of counter surface topography 

on friction and wear of selected self-lubricating bearing materials under operating conditions relevant 

for hydropower applications.  

To bridge this gap, the present study aims to systematically investigate the influence of stainless-steel 

counter surface roughness and lay on the tribological behaviour of three selected self-lubricating 

polymer composite bearing materials.  

2. Materials and Methods 

In the following section, the experimental materials and methods used for material characterization, 

tribological characterization and surface analysis are described. 

2.1. Experimental materials and sample preparation 

In this study, three selected self-lubricating polymer composite bearing materials were investigated, 

namely deva.tex® 552 (Deva), Orkot® TXM Marine (Orkot) and Thordon ThorPlas Blue (ThorPlas). These 

bearing materials are used for many different applications such as hydropower, marine, offshore, 

heavy industry, packaging machines and agriculture. Deva consists of two layers, the outer sliding layer 

and the inner support layer, but in this study the polymer pins were only made from the sliding layer. 

This layer is made of a special type of reinforcement fibres, consisting of several polyester filaments 

oriented along the fibre and containing solid lubricants in the form of PTFE particles that are spun into 

the polyester filaments [18]. The fibres are embedded in an epoxy resin matrix with graphite as an 
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additional solid lubricant [19]. Orkot is a fabric-reinforced thermoset with PTFE fibres as transverse 

weft and polyester fibres as longitudinal warp. The warp is embedded in a polyester-based thermoset 

matrix that contains PTFE and MoS2 particles as solid lubricants and additional calcium carbonate 

(CaCO3) particles as filler in the material [20]. ThorPlas is a homogeneous thermoplastic alloy 

containing evenly dispersed spherically shaped PTFE inclusions and silicone-based additives as solid 

lubricants [20]. Representative optical images of the load carrying surface of the three unworn 

materials are presented in Figure 1 and the material properties are listed in Table 1. A more detailed 

material characterization of the fabric-reinforced thermoset (Orkot) and the thermoplastic (ThorPlas) 

with respect to microstructure and chemical composition is presented in [20]. Similar material 

characterization of the fibre-reinforced thermoset (Deva) is not available in the open literature. 

 

Figure 1. Optical images of the load carrying surface of the unworn bearing material pins used for the 

tribological tests: a) fibre-reinforced thermoset (Deva), b) fabric-reinforced thermoset (Orkot), and c) 

thermoplastic (ThorPlas). The intended sliding direction in the figures is parallel to the vertical axis. 

Table 1. Material properties of the self-lubricating polymer composite bearing materials. 

Property Fibre-reinforced 

thermoset 

Fabric-reinforced 

thermoset 

Thermoplastic 

Density [g/cm3] 1.42 1 1.25 4 1.40 6 

Compressive Modulus of Elasticity [MPa] 1500 1 2800 6 3280 5 

Tensile Strength [MPa] – 2 55 4 66 5 

Compressive Yield Strength [MPa] 90 3, 6 90 4 91 5 

Hardness: – 2   

   Rockwell M  90 4  

   Shore D   83 5 

Thermal Conductivity [W/m·K] 0.3 1 0.22 6 0.25 6 

Maximum Operating Temperature [°C] 160 1 130 6 110 5 

From 1 [21], 2 Information missing, 3 According to EN ISO 604:2003, 4 [22], 5 [23], 6 provided directly by the 

bearing manufacturer. 

For the tribological tests, cubic pins with dimensions 4 × 4 × 4 mm3 (l × w × h) were machined from the 

three bearing materials. The edges of the load carrying side of the pins were manually ground using 

SiC abrasive paper (grit size #600) in order to remove machining marks and fibres that protrude from 

the surface and to minimize the edge effect. The pins were thereafter cleaned with ethanol in an 

ultrasonic bath for three minutes and dried in air prior to the experiments. 
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Corrosion resistant austenitic stainless steel of SS 2333 grade was used as the counter surface for the 

tribological tests, chemical composition shown in Table 2. Plates were laser cut from a cold rolled sheet 

to a dimension of 60 × 30 × 3 mm3 (l × w × h) with its surface lay parallel to the sliding direction. 

Additional plates were laser cut with its surface lay perpendicular to the sliding direction. The 

measured hardness of the as received plates was 205 ± 5 HV0.1. 

Table 2. Chemical composition of the stainless steel (SS 2333) in wt%, Fe makes up the balance [24]. 

C Si Mn P S Cr Ni 

Max 0.05 Max 1.0 Max 2.0 Max 0.045 Max 0.03 17.0 – 19.0 8.0 – 11.0 
 

In total, nine different combinations of surface roughness and lay of the stainless-steel plates were 

prepared for the tribological tests. The surface topographies are illustrated in Figure 2 and the 

measured surface roughness given in Table 3. In order to obtain the isotropic surface lay, the stainless-

steel plates were ground using a semiautomatic Buehler Phoenix 4000 (Buehler® Ltd, Lake Bluff, IL, 

USA) polishing machine. For the Sa=0.3 µm surface roughness (Figure 2 (c)), waterproof SiC papers 

(Struers) from grit number P60 (average grit size 269 µm) down to P240 (average grit size 58.5 µm) 

were used and for the Sa 0.08 µm surface roughness (Figure 2 (b)) down to P800 (average grit size 21.8 

µm). For the mirror polished surfaces (Figure 2 (a)), SiC papers down to grit number P4000 (average 

grit size 5 µm) were used followed by a polishing process using Struers LaboPol-20 (Struers, Cleveland, 

OH, USA) polishing machine together with 1 µm liquid diamond type WX XStr (Kemet, Maidstone, Kent, 

UK). For the Sa 0.3=µm surface roughness and parallel surface lay (Figure 2 (d)), the stainless-steel 

plates were used in as received condition after being laser cut from the cold rolled sheet with its 

surface lay parallel to the sliding direction. For the perpendicular surface lay, the plates were cut in the 

same way but with its lay perpendicular to the sliding direction (Figure 2 (e)). In order to obtain the 

Sa=0.7 µm surface roughness (Figure 2 (f) and (g)), the stainless-steel plates were manually ground 

using SiC paper with grit number P120 parallel and perpendicular to the sliding direction, respectively. 

Finally, SiC paper with grit number P60 was used to obtain the Sa=1.1 µm surface roughness (Figure 2 

(h) and (i)). Prior to the experiments, the plates were all ultrasonically cleaned with ethanol for seven 

minutes to remove contaminants on surfaces and dried in air before testing. 

Table 3. Average surface roughness for the ground stainless-steel plates measured using 3D profilometry. 

Surface roughness, Sa [µm] Surface lay Grinding method 

0.006 ± 0.001 Isotropic Mirror polished 

0.082 ± 0.003 Isotropic Semiautomatic polishing machine, down to #P800 

0.332 ± 0.035 Isotropic Semiautomatic polishing machine, down to #P240 

0.310 ± 0.020 Parallel As received (cold rolled) 

0.310 ± 0.020 Perpendicular As received (cold rolled) 

0.749 ± 0.073 Parallel Manually, #P120 

0.676 ± 0.055 Perpendicular Manually, #P120 

1.076 ± 0.085 Parallel Manually, #P60 

1.051 ± 0.033 Perpendicular Manually, #P60 
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Figure 2. Surface topography obtained from 3D profilometry measurements of the ground and polished 

stainless-steel plates illustrating: a) mirror polished surface (Sa=0.006 µm) and isotropic lay, b) isotropic lay 

with Sa=0.08 µm, c) isotropic lay with Sa=0.3 µm, d) as received with parallel surface lay to the sliding 

direction, e) as received with perpendicular surface lay to the sliding direction, f) parallel surface lay with 

Sa=0.7 µm, g) perpendicular surface lay with Sa=0.7 µm, h) parallel surface lay with Sa=1.1 µm, i) 

perpendicular surface lay with Sa=1.1 µm. Objective: 10X, field of view: 0.5X. I=isotropic, ∥=parallel, ⊥=perpendicular. Arrows indicate the sliding direction. 
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2.2. Material characterization 

Material characterization of the fibre-reinforced thermoset was carried out using the same methods 

as for the thermoplastic and the fabric-reinforced thermoset in [20]. X-ray microtomography (XMT), 

was used in order to study the microstructure of the fibre-reinforced thermoset using a Zeiss Xradia 

510 Versa (Carl Zeiss X-ray Microscopy, Pleasanton, CA, USA). The full geometry of the 4 × 4 × 4 mm3 

polymer sample was initially scanned using a 4X objective with a field of view (FOV) of 6.02 mm and a 

spatial resolution of 5.96 µm. The low-resolution scan was carried out using an X-ray tube voltage of 

50.4 kV and an output effect of 4 W. During the imaging, 1601 projections were acquired with an 

exposure time of 4 s each.  

In order to study microscale features, a region of interest (ROI) was selected based on the results from 

the initial scan (low resolution) and scanned at a higher-resolution using a 20X objective with a FOV of 

0.55 mm and a spatial resolution of 0.56 µm. This scan was carried out using an X-ray tube voltage of 

60.4 kV and an output effect of 5 W. During the imaging 2201 projections were acquired with an 

exposure time of 11 s each. 

Both scans were carried out without X-ray filters. The 3D visualization and quantitative analysis of the 

microstructure of the fibre-reinforced thermoset were obtained using Dragonfly Pro software (Object 

research systems (ORS), Montreal, QC, Canada). A standard threshold procedure was used to segment 

the different phases in the material in order to estimate volume fraction of the internal phases and 

pore size distribution. More details about the XMT system and the method is presented in [20]. 

In order to determine the composition of the identified phases in the fibre-reinforced thermoset, an 

unworn polymer pin was examined using a JEOL JSM-IT300 LV (Peabody, MA, USA) scanning electron 

microscope (SEM) equipped with energy-dispersive X-ray spectrometer (EDS). The polymer pin was 

sputtered with a 15.3 nm layer of platinum (Pt) to reduce the charging effect in the SEM. 

Inductively Coupled Plasma Sector Field Mass Spectrometry (ICP-SFMS) ELEMENT XR (Thermo 

Scientific, Bremen, Germany) was used to determine the chemical composition of the fibre-reinforced 

thermoset with respect to the inorganic elements. The method used for sample preparation and 

measurements is described in [20]. Four measurements (including separate microwave-assisted acid 

digestions) were performed for the material. 

2.3. Experimental setup and test conditions 

The tribological tests were carried out using a linear reciprocating tribometer (Plint-TE77, Phoenix 

Tribology Ltd., Newbury, England) with a flat-on-flat configuration. The polymer bearing material pin 

was mounted in the upper reciprocating pin holder and the stainless-steel plate was fixed in the lower 

stationary specimen holder. A schematic diagram of the flat-on-flat test configuration is illustrated in 

Figure 3. The load was applied to the upper pin holder using a spring-loaded lever system. The 

reciprocating motion is provided by an electrical motor which drives a crank mechanism via a gearbox. 

The wear depth of the polymer pin was continuously measured using an LVDT (linear variable 

differential transformer) displacement sensor with ± 2.5 mm measurement range connected to the 

upper pin holder. The wear data was collected with a sampling frequency of 1 Hz and the specific wear 

rates were calculated based on the interval between one hour of sliding and the end of the test.  
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The friction force was continuously measured by a piezo-electric force transducer, located at the lower 

stationary specimen holder, using 1 kHz sampling frequency. However, due to the long test duration, 

friction data was collected in the beginning of the test, after 5 minutes, 10 minutes, 15 minutes, 30 

minutes, and thereafter with 30 minutes intervals until the end of the test over the last 15 load cycles. 

The average coefficient of friction was calculated based on the average over the same time interval as 

for the calculated wear rates, i.e. between one hour and the end of the test. 

Normalized average coefficient of friction and specific wear rate as a function of counter surface 

roughness and lay were calculated by dividing with the highest obtained average values with respect 

to coefficient of friction and specific wear rate respectively for each bearing material.  

 

Figure 3. Schematic representation of the flat-on-flat test configuration used for the reciprocating sliding 

tests. 

The tribological tests were carried out under dry reciprocating sliding and ambient conditions. The test 

parameters are given in Table 4. The selected sliding velocity and contact pressure are in the range of 

typical operating conditions for self-lubricating bearings in Kaplan turbines and were selected based 

on findings from a previous study [20]. In total, nine combinations of stainless-steel counter surface 

roughness and lay (Table 3) were tested for each bearing material, with at least two repetition tests. 

Table 4. Experimental conditions used for the tribological tests. 

Test Parameter Value 

Normal load 450 N 

Nominal contact pressure 28 MPa 

Reciprocating frequency 0.64 Hz 

Stroke length 5 mm 

Sliding velocity 6.4 mm/s 

Test duration 20 h 

Total sliding distance 461 m 

Temperature (initial) 23.7 ± 0.9 °C 

Relative humidity 14.4 ± 8.3 % 
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2.4. Surface analysis 

Optical images of the stainless-steel plates and the load carrying surfaces of the polymer pins before 

and after the reciprocating tests were obtained 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). After the tests, loose wear 

debris accumulated at the edges of the wear track on the stainless steel, especially at the reversal 

points (Figure 4 (a)). These wear particles were carefully removed using pressurised air (Figure 4 (b)) 

prior to further surface analysis. 

A 3D optical surface profilometer, Zygo NewView 7300 (Middlefield, CT, USA), was used for the surface 

topography measurements. The stainless-steel plates were measured before and after the tests using 

a magnification of 5X (objective: 10X and field of view: 0.5X), between the same reference points as 

illustrated in Figure 4. The polymer pins could not be measured prior to experiments due to the poor 

reflective nature of these materials. However, the worn polymer pins were measured successfully 

using a magnification of 25X (objective: 50X and field of view: 0.5X).  

The worn polymer pins and wear tracks on the stainless-steel counter surfaces were examined using a 

JEOL JSM-IT300 LV (Peabody, MA, USA) scanning electron microscope (SEM) equipped with energy-

dispersive X-ray spectrometer (EDS) in order to investigate the friction and wear mechanism as well as 

the transfer layers. The polymer pins were sputtered with a 15.1 ± 0.1 nm layer of gold (Au) or platinum 

(Pt) to reduce the charging effect in the SEM and increase the reflection of the light during the 3D 

optical surface profilometry measurements. 

 

Figure 4. Wear tracks formed on the ground stainless steel with a surface roughness of Sa 0.7 µm and 

perpendicular lay after sliding against the fabric-reinforced thermoset: a) directly after test with wear debris 

accumulated around the edges of the wear track, and b) after removal of the accumulated wear debris 

around the edges using pressurized air. The reference points in the figures are for the 3D profilometry 

measurements. 
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3. Results and discussion 

In the following section, results obtained from the material characterization, tribological experiments 

and the analysis of worn surfaces are presented and discussed. 

3.1. Material characterization of the fibre-reinforced thermoset 

In order to study the microstructure and composition of the fibre-reinforced thermoset bearing 

material, characterization was carried out using X-ray microtomography (XMT) and elemental analysis. 

The microstructure of the fibre-reinforced thermoset material, from reconstruction of the XMT 

imaging using the 4X and 20X objectives, is presented in Figure 5 in grey scale and the volume fractions 

of the quantified internal phases are summarized in Table 5. The grey scale reflects relative density of 

the features, where white corresponds to the highest density and black to the lowest. The contact 

surface, i.e. the surface that will be sliding against the stainless steel during the tribological tests, is 

visible in the figures.  

 

Figure 5. Microstructure in grey scale of the fibre-reinforced thermoset material obtained using XMT with 

the contact surface marked and double-headed arrows indicating the sliding direction. A cross-section of the 

full tomographic reconstruction using higher-resolution (20X) objective, showing the different constituents in 

the material: a) parallel to the sliding direction and b) perpendicular to the sliding direction. 3D visualization 

of the material from the tomographic scans, with segmented pores and a part of the whole structure visible, 

using: c) 20X objective scans of a cylinder with a diameter of 0.55 mm (pores are purple), and d) 4X objective 

scans of the whole polymer pin (4×4×4 mm3) (pores are black).  
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Similar to the fabric-reinforced thermoset, the structure of the fibre-reinforced thermoset is more 

complex compared to the homogeneous thermoplastic [20]. The microstructure of the fibre-reinforced 

thermoset can be seen in more detail in the animation of the 3D visualization obtained using 20X 

objective (Video S1). From the reconstruction of the XMT imaging using the 20X objective, four phases 

can be distinguished in the cross-sections of the full tomographic reconstruction (Figure 5 (a) and (b)). 

The first phase corresponds to the pores in the material, seen as black features in the XMT images due 

to their low density. The second identified phase displayed as light grey features was determined by 

EDS analysis of an unworn polymer pin surface (Figure 6) to be PTFE particles that are spun in to the 

polyester filaments. Since PTFE has a higher density compared to the epoxy resin and polyester 

filaments it is therefore of a lighter grey colour. The third phase corresponds to impurities in the 

material, seen as white/bright features in the XMT images due to their higher relative density. The 

fourth phase are shown as darker grey features, having the highest volume fraction of the material 

(Table 5) and a lower relative density compared to the PTFE particles. This phase corresponds to both 

the polyester filaments and epoxy resin matrix containing graphite. The obtained XMT results show 

that the constituents of this phase have similar relative density and are hence hard to separate when 

considering the grey scale information.  

 

Figure 6. SEM micrograph of: a) the perpendicular surface to the sliding direction of the unworn fibre-

reinforced thermoset pin and corresponding compositional map of: b) carbon (C) and c) fluorine (F). The 

polymer pin has been sputtered with a 15.3 nm layer of platinum (Pt). Arrows indicate the sliding direction. 

It should be mentioned that it was hard to properly segment the PTFE particles from the epoxy resin 

and polyester filaments in the image using the standard threshold procedure. The PTFE particles had 

to be slightly undersegmented in order to avoid that part of the epoxy/polyester filament matrix also 

were included in the image segmentation, which occurred when all regions corresponding to PTFE 

particles were included. This means that the volume fraction of the PTFE particles (Table 5) is slightly 

higher in reality while, the volume fraction of the epoxy/polyester filament phase is lower, especially 

for the higher-resolution scan.  

Table 5. Volume fraction of the internal phases in the fibre-reinforced thermoset measured using XMT with 

two different objectives. 

Internal phase Low resolution, 4X, [vol %] High resolution, 20X, [vol %] 

Polyester filaments and epoxy resin 

containing graphite 
76.72 78.75 

PTFE particles 22.98 19.93 

Pores 0.22 1.25 

Higher density particles (impurities) 0.08 0.07 
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The higher-resolution scan (20X) reveals channel-like pores (Figure 5 (c)) in the fibre-reinforced 

thermoset. These pores are located in the phase containing epoxy resin and polyester filaments and 

are following similar curvature pattern (Video S2) as the PTFE particles in the material (Video S3). Cross-

sections of the full tomographic reconstruction (Figure 5 (a) and (b)), shows that some thinner pores 

are located in the boundary between the PTFE particles and the epoxy/polyester filament phase. This 

means that the resin matrix does not perfectly adhere to the PTFE particles. There is also presence of 

smaller pores, randomly distributed in the structure of the material. The pore size distribution (Figure 

S1), shows that the majority of the pores, have a volume less than 1.5 × 104 µm3, with only single pores 

having a volume up to 10 × 104 µm3. The majority of the higher density particles (impurities) in the 

material have a volume below 1515 µm3, with a few having larger volumes up to 1.06 × 104 µm3 (Figure 

S2). Quantification of the internal phases in the material scanned using 20X objective showed that the 

volume fraction of pores is 1.25 vol % and 0.07 vol % for impurities (Table 5). The volume fraction of 

pores and size is lower for the thermoplastic (0.36 vol % with volumes up to 166 µm3) and similar for 

fabric-reinforced thermoset (1.20 vol % with volumes up to 9.2 × 104 µm3) [20] compared to the fibre-

reinforced thermoset, using the same resolution (20X) objective.  

In Figure 5 (d), 3D visualization of the material from the tomographic scans of the whole polymer pin 

(4×4×4 mm3), using low-resolution (4X) objective, is presented with segmented pores and part of the 

whole structure visible. The macrostructure of the pin can be seen in more detail in the animation of 

the 3D visualization obtained using 4X objective (Video S4). It is clear from the video that the 

reinforcement fibres have a layered structure. This is attributed to the winding process of the material 

using a rotating winding mandrel. This process involves winding filaments, i.e. reinforcement fibres, 

under tension over the mandrel. The fibres are impregnated with epoxy resin containing graphite by 

passing through a bath as they are wound onto the mandrel. The mandrel rotates while a carriage 

traverses horizontally back and forth along the axis of the mandrel, laying down fibres in a given angle 

to the rotational axis. This orientation angle is less than 90° for the fibre-reinforced thermoset. Hence, 

the continuous fibres are not parallel to the sliding direction in the tribological tests and will therefore 

form layers with positive and negative orientation angle on top of each other. The exact orientation 

angle is not disclosed for proprietary reason. This also means that the cross-sections of the of the full 

tomographic reconstruction using 20X objective (Figure 5 (a) and (b)) are not parallel and 

perpendicular to the reinforcement fibres but to the sliding direction in the tribological tests. 

The low-resolution scan reveal uneven distribution of the segmented pores in the material, similar to 

the fabric-reinforced thermoset [20]. The pores are concentrated in regions between the layers of 

reinforcement fibres with positive and negative orientation angle, forming a cross (Figure 5 (d)). These 

locations can be considered as weak points in the material due to presence of pores and indicate 

insufficient adhesion between the layers. The majority of the pores are located between the PTFE 

particles and the epoxy resin/polyester filament phase but some are also located within the latter 

(Figure S3). From the pore size distribution (Figure S4), it can be seen that the majority of the pores 

have a volume less than 2.3 × 106 µm3, but some having larger volumes up to 10 × 106 µm3. 

Quantification of the internal phases in the material scanned using 4X objective showed that the 

volume fraction of pores is 0.22 vol % (Table 5), which is more than five times lower compared to the 

higher-resolution scan (20X). The deviation, is mainly attributed to the differences in spatial resolution 

between the two objectives, 5.96 µm for the 4X objective compared to 0.56 µm for the 20X objective. 

Therefore, many of the pores visible in the higher-resolution scan are too small to be resolved in the 

low-resolution scan. Another explanation for the deviation in volume fraction of the pores between 
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the two scans is the structural heterogeneity of the material. As seen in Figure 5 (d), several larger 

pores are situated on different locations and the pores are not distributed uniformly. Hence, the 

location of the higher-resolution scan will influence the obtained volume fractions of the internal 

phases. Nevertheless, as there is presence of smaller pores in the material, the higher-resolution scan 

gives a better estimation of the volume fraction of the pores compared to the low-resolution scan due 

to better spatial resolution. Compared to the fabric-reinforced thermoset, containing 0.36 vol % pores 

with a volume up to 19 × 106 µm3 [20], the volume fraction of pores (Table 5) is less in the fibre-

reinforced material and the pores are also smaller. 

Quantification of the internal phases in the fibre-reinforced thermoset, scanned using 4X objective 

showed that the volume fraction of higher density particles (impurities) is 0.08 vol % (Table 5), which 

is similar to the obtained results using higher-resolution (20X) scan. The segmented higher density 

particles from the 4X scan are visible in Figure S5. The majority of these particles (impurities) have a 

volume below 1.17 × 106 µm3, with single ones having larger volumes up to 9.28 × 106 µm3 (Figure S6). 

These volumes are several magnitudes higher compared to the ones obtained from the higher-

resolution scan. This means that the size of the particles varies between different locations and 

therefore, the location of the higher-resolution scan will influence the obtained volume fractions as 

well as volume distribution of the impurities. 

Average concentrations of inorganic constituents in the fibre-reinforced thermoset, measured by ICP-

SFMS are presented in Table 6. It should be noted that only elements with measured concentrations 

above 0.001 wt % are included in the table, with a sum of 0.57 wt %. The reproducibility between the 

four measurements is good with a relative standard deviation (RSD) below 7 % for all elements except 

copper (Cu) and Titanium (Ti), having RSD around 10 %. This indicates high homogeneity of spatial 

distribution of inorganic constituents in the material. The total average sum of inorganic compounds 

(including those not shown in Table 6) is 0.61 wt % meaning that the fibre-reinforced thermoset is 

mostly an organic polymer. The thermoplastic has an even lower concentration of inorganic 

constituents (below 0.5 wt %) meanwhile, the fabric-reinforced thermoset has several times higher 

concentration due to addition of MoS2 as solid lubricant and CaCo3 as filler in the material [20]. 

Results show that the fibre-reinforced thermoset contains Sulphur (S), which is potentially used as a 

curing agent of the epoxy resin [25]. Others have reported Phosphorus/Sulphur-based curing agents 

of epoxy resin [26-27]. Hence, the detected Phosphor (P) in the material could also be used as a curing 

agent of the epoxy resin. Silicon (Si) was one of the detected elements in the material with similar 

concentration of 0.03 wt % as in the fabric-reinforced thermoset [20]. The elemental analysis does not 

provide information on structure or bonds of the component containing silicon in the material. It is 

possible that silica (SiO2) has been added to the material in order to enhance the mechanical 

properties, as it is a common filler in thermoset composites [28-31]. It is also possible that polysiloxane 

has been added to the epoxy resin to improve its toughness [31-32]. Antimony trioxide (Sb2O3), used 

as a flame retardant in polymers has previously been reported in [33-34], which could explain the 

detected Antimony (Sb).  

Lancaster [35], reported that small amounts of impurities are almost inevitably present in graphites 

that are used as fillers in polymers. These impurities can be abrasive towards the metal counter 

surface, especially in dry bearing design [35] and can also affect the properties of the graphite even at 

trace levels, such as Iron (Fe), Magnesium (Mg), and Manganese (Mn) [36]. Hence it is of interest to 
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investigate presence and concentrations of impurities in a self-lubricating polymer bearing material to 

aid the interpretation of the tribological results. Compared to the fabric-reinforced thermoset (11) and 

the thermoplastic (6) [20], the fibre-reinforced thermoset shows the highest number of traced 

inorganic elements (12) having concentrations above 0.001 wt % (Table 6), especially in comparison to 

the latter. Majority, of these elements are consistent with the reported metallic impurities found in 

graphite using similar measurements technique, such as Aluminium (Al), Mg, Ti, Fe, Sb, Cu, and Mn 

[37-41]. Presence of impurities in the fibre-reinforced thermoset is also confirmed by XMT analysis 

(Figure 5), where impurities in the material are visible as well as by EDS analysis (Figure S7).  

However, it is also possible that some of the detected elements originate from external contamination 

during machining of the polymer pins. For the fibre-reinforced thermoset and the thermoplastic the 

detected Fe, Mg, Mn, and Ti was attributed to potential contamination during preparation of the 

polymer pins [20]. Though, these pins were machined in a different workshop and hence, level of 

introduced contaminations can differ. Concentrations of Fe, Mg and Ti are several times higher for the 

fibre-reinforced thermoset compared to the fabric-reinforced thermoset and the thermoplastic. This 

can be explained by impurities from graphite and/or a higher ability for the impurities to stick to the 

surfaces of the fibre-reinforced thermoset. According to the manufacturer of the fibre-reinforced 

thermoset, the finished sliding layer as well as the reinforcement fibres are generally roughened or 

fibrous [18]. This, explains why a higher concentration of contaminations during machining of the 

polymer pins can stick to the surface even after the ultrasonic cleaning. 

Approximately 78 % of the detected concentrations of inorganic constituents presented in Table 6 are 

potentially originated from impurities in graphite or contaminations during sample preparation. 

Meanwhile, significantly lower concentrations are detected in the thermoplastic (15 %) and even lower 

in the fabric-reinforced thermoset [20]. This is mainly attributed to addition of graphite in the epoxy 

resin of the fibre-reinforced thermoset. 

Table 6. Concentration of inorganic constituents in the fibre-reinforced thermoset. 

Element Concentration wt % Comment 

Al 0.1902 ± 0.0058 Potential impurity from graphite or contamination during sample preparation 

Mg 0.1132 ± 0.0012 Potential impurity from graphite or contamination during sample preparation 

S 0.0914 ± 0.0057 Potential curing agent of epoxy resin 

Ti 0.0689 ± 0.0066 Potential impurity from graphite or contamination during sample preparation 

Fe 0.0567 ± 0.0017 Potential impurity from graphite or contamination during sample preparation 

Si 0.0310 ± 0.0011 Possibly used as a filler 

Sb 0.0078 ± 0.0002 
Potential impurity from graphite or commonly used as flame retardant in 

polymers such as Sb2O3 [33-34] 

P 0.0038 ± 0.0001 Potential curing agent of epoxy resin 

Cu 0.0029 ± 0.0003 Potential impurity from graphite or contamination during sample preparation 

Zr 0.0028 ± 0.0002  

Mn 0.0016 ± 6×10-5 Potential impurity from graphite or contamination during sample preparation 
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3.2. Ground surfaces with isotropic lay 

3.2.1 Friction and wear 

The average friction coefficients and specific wear rates as a function of counter surface roughness for 

the tested bearing materials sliding against ground and polished stainless-steel plates with isotropic 

surface lay are presented in Figure 7. The average coefficients of friction (Figure 7 (a)), show good 

repeatability with standard deviations of maximum 10 %, except for the fibre-reinforced thermoset at 

the lowest and highest surface roughness having standard deviations up to 16 %. The higher deviation 

is explained by random presence of larger pores and impurities between the different pin specimens. 

 

Figure 7. Variation of the average: a) coefficient of friction and b) specific wear rate as a function of counter 

surface roughness for the tested bearing materials sliding against ground stainless-steel plates with isotropic 

surface lay. TS=thermoset, I=isotropic surface lay. 

The friction levels at the lowest initial counter surface roughness (Sa=0.006 µm) are similar between 

the three bearing materials (Figure 7 (a)) and decreasing with increasing roughness. The friction is also 

similar between the thermoset materials at the intermediate and highest initial counter surface 

roughness while the thermoplastic shows the highest friction. The reduction in friction between the 

smoothest (Sa=0.006 µm) and the roughest counter surface (Sa=0.3 µm), is highest for the fibre-

reinforced thermoset (88 %) and lowest for the thermoplastic (44 %). 

Lower coefficient of friction for rougher counter surfaces has been reported for elastomers [8] and 

engineering thermoplastics [10] sliding against steel with surface finish of Ra 0.15-0.7 µm. This was 

attributed to a decreased influence of adhesion on friction with increased counter surface roughness 

[10]. Reduction in friction sliding against rougher counter surfaces compared to smoother has also 

been reported for PPS composites sliding against Inconel 625 [11] and various conventional polymer 

composite materials sliding against grey cast iron [9]. This was explained by a higher number of contact 

spots for the smoother surface, which contributes to a higher shear traction (i.e. adhesion) needed to 

slide against the polymer surface [9]. 

The average specific wear rates (Figure 7 (b)) show very good repeatability between tests at the 

intermediate surface roughness (Sa=0.08 µm) with standard deviations of maximum 4 %. However, the 
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standard deviations are up to 18 % at the lowest (Sa=0.006 µm) and highest (Sa=0.3 µm) initial surface 

roughness. 

The effect of initial counter surface roughness on the specific wear rate differs between the three 

bearing materials. Similar to the coefficient of friction, the specific wear rates at the lowest (Sa=0.006 

µm) and highest (Sa=0.3 µm) initial counter surface roughness are similar between the thermoset 

materials. However, at the intermediate initial counter surface roughness (Sa=0.08 µm), the specific 

wear rate is the lowest for the fibre-reinforced thermoset while it is highest for the fabric-reinforced 

thermoset. It is interesting that the specific wear rate is more than 50 % higher for the fabric-reinforced 

thermoset compared to the fibre-reinforced thermoset at the intermediate surface roughness, despite 

showing similar coefficients of friction. 

For the fibre-reinforced thermoset, the specific wear rate show a 34 % decrease between the lowest 

(Sa=0.006 µm) and the intermediate (Sa=0.08 µm) surface roughness (Figure 7 (b)). The specific wear 

rate is then increasing 15 % between the intermediate and the highest surface roughness (Sa=0.3 µm). 

This indicates a transition in wear mechanisms. Similar behaviour was reported by Ovaert and Cheng 

[42] for unfilled PEEK and carbon fibre reinforced polyetheretherketone (PEEK) sliding against mild 

steel, showing the lowest wear for counter surface roughness RMS of 0.15 µm and 0.25 µm 

respectively. This was explained by a change from high cycle fatigue and delamination wear to low 

cycle fatigue or abrasive wear.  

The fabric-reinforced thermoset show an opposite behaviour compared to the fibre-reinforced 

thermoset with an initial increase (11 %) in specific wear rate between the lowest and the intermediate 

initial counter surface roughness. Thereafter, a decrease (40%) between the intermediate and the 

highest surface roughness occurs. The higher wear rates for the fabric-reinforced thermoset sliding 

against smoother counter surfaces could be explained by a higher wear of the stainless-steel surface 

compared to higher initial surface roughness. Vishwanath et al. [43], reported increased cast iron 

counter surface roughness with up to 100 % after sliding against fabric reinforced polymer composites 

with glass-fibres or carbon-fibres. This was accompanied by increased specific wear rate due to 

roughening of the counter surface by the abrasive reinforcement fibres, which leads to increased 

abrasive wear of the polymer composite. 

In case of the thermoplastic, the specific wear rate increases with increased surface roughness. Similar 

behaviour has been reported in [10] for most of the tested engineering thermoplastics sliding against 

steel. However, there is lack of general explanations for this behaviour. The increase in wear rate for 

the thermoplastic is slightly higher between the lowest and the intermediate roughness (37 %) 

compared to between the intermediate and highest surface roughness (30 %). An opposite behaviour 

is also seen for the specific wear rate compared to the coefficient of friction. Hence, the influence of 

surface roughness is a trade-off between low friction and wear for the thermoplastic material. 

3.2.2 Friction and wear mechanisms 

The surface topography of the worn stainless-steel plates with isotropic lay and different initial surface 

roughness is shown in Figure 8 after sliding against the three bearing materials. The valleys in the 

figures correspond to abrasive wear grooves and the protruding areas to transfer layers. It should be 

noted that the black regions with irregular shape in Figure 8 (g) are missing data points due to poor 

reflectivity of thick transfer layers in these regions. 
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Figure 8. Surface topography of the polished stainless-steel plates with isotropic lay. After sliding against the 

fibre-reinforced thermoset with initial surface roughness Sa of: a) 0.006 µm, b) 0.08 µm, and c) 0.3 µm. After 

sliding against the fabric-reinforced thermoset with initial surface roughness Sa of: d) 0.006 µm, e) 0.08 µm, 

and f) 0.3 µm. After sliding against the thermoplastic with initial surface roughness Sa of: g) 0.006 µm, h) 0.08 

µm, and i) 0.3 µm. Objective: 10X, field of view: 0.5X. I=isotropic surface lay. The sliding direction in the 

figures is parallel to the vertical axis. 
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Despite showing similar coefficient of friction for all bearing materials at Sa=0.006 µm, the wear tracks 

on the stainless steel are very different (Figure 8 (a), (d) and (g)). The smooth stainless-steel surface is 

significantly less worn after sliding against the thermoplastic compared to the thermoset materials. 

This is mainly attributed to the abrasive action by the reinforcement fibres in the two thermosets, as 

seen previously for fibre- or fabric-reinforced polymer composites [11, 14, 20, 43-45]. The stainless-

steel surface is subjected to a higher degree of abrasive wear after sliding against the fibre-reinforced 

thermoset (Figure 8 (a)) compared to the fabric-reinforced thermoset (Figure 8 (d)). 

The stainless-steel surface with the intermediate initial surface roughness (Sa=0.08 µm) is significantly 

less worn after sliding against the three bearing materials (Figure 8 (b), (e) and (h)) compared to the 

lowest initial surface roughness. However, the grooves are deeper on the intermediate roughness 

surface after sliding against the thermoset materials compared to the one with lowest roughness. The 

wear of the stainless-steel surface is further decreased for the surfaces with highest initial surface 

roughness (Sa=0.3 µm) for all bearing materials (Figure 8 (c), (f) and (i)). The abrasive grooves are barely 

visible in the topography measurements except for some single locations after sliding against the 

thermoset materials. This shows that the abrasive wear of the stainless-steel surface is decreasing with 

increased initial counter surface roughness for all tested bearing materials. Hence, the decreasing 

coefficient of friction with increased initial counter surface roughness (Figure 7 (a)) can be partly 

explained by a decreasing ploughing into the stainless steel in addition to the previously discussed 

decreased adhesion. 

SEM micrographs of the centre of the wear tracks on the stainless-steel surfaces are shown in Figure 

9. SEM micrographs at higher magnification of the highlighted regions in Figure 9 are shown in Figure 

10. The darker features in the SEM micrographs correspond to transfer layers and the brighter to the 

stainless-steel surface. At the lowest initial surface roughness (Sa=0.006 µm), the highest surface 

coverage by thicker transfer layers on the stainless-steel surface is seen after sliding against the fibre-

reinforced thermoset (Figure 9 (a)). The thickest transfer layers are also more protruding (Figure 8 (a)) 

compared to the ones after sliding against the fabric-reinforced thermoset (Figure 8 (d)). After sliding 

against the thermoplastic, thicker transfer layer patches are formed but to a lesser extent than for the 

thermosets (Figure 9 (g)). 

The higher magnification SEM micrographs reveals a higher surface coverage by thinner transfer layers 

(Figure 10 (d), (g) and (j)), which are not clearly visible in the overview SEM micrographs (Figure 9 (a), 

(d) and (g)). Lowest surface coverage is seen after sliding against the thermoplastic and the transfer 

layers are overall thinner compared to the thermosets. Compared with the unworn steel surface 

(Figure 10 (a)), traces from the polishing grooves can still be seen at several locations after sliding 

against the thermoplastic (Figure 10 (j)) unlike for the fibre- (Figure 10 (d)) and fabric-reinforced (Figure 

10 (g)) thermosets where these grooves have been worn away. 

Less surface coverage by thicker transfer layers is seen when the initial surface roughness is increased 

to Sa=0.08 µm after sliding against the fibre-reinforced thermoset (Figure 9 (b)) and the thermoplastic 

(Figure 9 (h)). It is slightly increased after sliding against the fabric-reinforced thermoset (Figure 9 (e)). 

The higher magnification SEM micrographs shows that the surface coverage by thinner transfer layers 

is decreased after sliding against all bearing materials (Figure 10 (e), (h) and (k)) and that these transfer 

layers are thinner compared to the lowest initial surface roughness (Figure 10 (d), (g) and (j)). The 

polishing grooves (Figure 10 (b)) are still clearly visible on the worn surfaces (Figure 10 (e), (h) and (k)), 
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which shows decreasing wear of the stainless-steel surface with increased initial surface roughness. 

After sliding against the fabric-reinforced thermoset, the polishing grooves are filled with transferred 

material at several locations (Figure 10 (h)). When the initial surface roughness is increased to Sa=0.3 

µm, this mechanism is also seen for the fibre-reinforced thermoset and the thermoplastic.  

 

Figure 9. SEM micrographs of the transfer layers formed on the stainless-steel surface closer to the centre of 

the wear track. After sliding against the fibre-reinforced thermoset with initial surface roughness Sa of: a) 

0.006 µm, b) 0.08 µm, and c) 0.3 µm. After sliding against the fabric-reinforced thermoset with initial surface 

roughness Sa of: d) 0.006 µm, e) 0.08 µm, and f) 0.3 µm. After sliding against the thermoplastic with initial 

surface roughness Sa of: g) 0.006 µm, h) 0.08 µm, and i) 0.3 µm. Regions 1 to 9 show locations for higher 

magnification SEM analysis. I=isotropic surface lay. The sliding direction in the figures is parallel to the 

vertical axis. 

At the highest surface roughness (Sa=0.3 µm) the coverage by thicker transfer layers is significantly 

increased (Figure 9 (c), (f) and (i)) compared to the intermediate surface roughness. It is also higher 

compared to the lowest initial surface roughness (Sa=0.006 µm) after sliding against the fabric-

reinforced thermoset and the thermoplastic. It is similar or slightly lower after sliding against the fibre-

reinforced thermoset. The polishing/grinding grooves for the highest initial surface roughness Sa=0.3 

µm (Figure 10 (c)) are also clearly visible after sliding against the three bearing materials. Both overview 

(Figure 9) and higher magnification (Figure 10) SEM micrographs confirm decreased wear of the 
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stainless-steel surface. The decreased wear of the stainless-steel surface is partially attributed to the 

increased amount of protective transfer layers with increased initial surface roughness. 

 

Figure 10. SEM micrographs of the stainless-steel surfaces before test with initial surface roughness Sa of: a) 

0.006 µm, b) 0.08 µm, and c) 0.3 µm. SEM micrographs of the worn stainless-steel surfaces at higher 

magnification, of the areas marked in Figure 9 with number: d) 1 (fibre-reinforced thermoset Sa=0.006 µm), 

e) 2 (fibre-reinforced thermoset Sa=0.08 µm), f) 3 (fibre-reinforced thermoset Sa=0.3 µm), g) 4 (fabric-

reinforced thermoset Sa=0.006 µm), h) 5 (fabric-reinforced thermoset Sa=0.08 µm), i) 6 (fabric-reinforced 

thermoset Sa=0.3 µm), j) 7 (thermoplastic Sa=0.006 µm), k) 8 (thermoplastic Sa=0.08 µm), and l) 9 

(thermoplastic Sa=0.3 µm). I=isotropic surface lay. The sliding direction in the figures is parallel to the vertical 

axis. 

The most significant reduction of abrasive wear of the stainless-steel surface, between the lowest and 

the highest initial counter surface roughness, was found for the fibre-reinforced thermoset. This 

explains the largest reduction in friction coefficient with increased initial counter surface roughness 
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for that material due to the reduced ploughing component of friction, as previously discussed. The 

same mechanism occurs for the fabric-reinforced thermoset. 

The significant decrease in coefficient of friction for the thermoplastic (Figure 7 (a)) between the lower 

initial counter surface roughness (Sa=0.006 µm and 0.08 µm) and the highest (Sa=0.3 µm) is attributed 

to increased surface coverage by thicker transfer layers (Figure 9 (i)). At the lower initial surface 

roughness, the stainless-steel surface is very smooth and due to lack of sufficient transfer layers, the 

adhesive component of friction is higher [10]. 

Similar to the thermoplastic, the decrease in coefficient of friction for the fabric-reinforced thermoset 

with increasing counter surface roughness is also attributed to a significantly increased coverage by 

transfer layers. The transfer layers contains solid lubricants, contributing to a lower friction and they 

are also protecting the contacting surfaces from abrasive wear by covering sharp asperities. 

 

Figure 11. SEM micrographs of the worn stainless-steel surfaces with isotropic lay illustrating the dominant 

wear mechanisms. After sliding against the fibre-reinforced thermoset with initial steel surface roughness Sa 

of: a) 0.006 µm, closer to the reversal point on the wear track, b) the same location as in figure (a) using 

backscattered electron detector with topography mode (BED-T), c) 0.08 µm, closer to the middle of the wear 

track. After sliding against the fabric-reinforced thermoset with initial steel surface roughness Sa of: d) 0.006 

µm, closer to the reversal point, e) 0.006 µm closer to the middle of the wear track. After sliding against the 

thermoplastic with initial steel surface roughness Sa of: f) 0.006 µm, closer to the middle of the wear track. 

The sliding direction in the figures is parallel to the vertical axis. 

Comparing the SEM micrographs of the unworn stainless-steel surfaces at different initial surface 

roughness (Figure 10 (a), (b) and (c)) with the worn surfaces (Figure 11) it is clear that abrasive wear is 

the dominant wear mechanism of the stainless steel. The dominant micro-mechanism is micro-

ploughing and subsequent micro-fatigue (Figure 11). This is partially caused by the reinforcement 

fibres, fillers and impurities in the thermosets, which are harder than the polymer matrix. Another 

contributor is the steel wear debris generated during the wear process as seen in Figure 11  (c) and (e). 

These wear debris will accumulate in the transfer layers as well as adhere to the polymer surface and 

thus accelerate the abrasive wear of the stainless-steel surface and also contribute to increased friction 

as a result of increased ploughing component of friction. In Figure 11 (a), (b), and (d) abrasive grooves 
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are shown, which are initiated by a combination of micro-cutting and micro-ploughing caused by the 

abrasive reinforcement fibres protruding the polymer surface. The sidewalls of the grooves are thin 

and hence the local contact pressures at these points will be relatively high, which leads to plastic 

deformation of the walls. The reinforcement fibres will be worn down and become blunt over time, 

changing the wear mechanism to micro-ploughing, as seen in Figure 11 (a), (b), and (d).  

Micro-ploughing is also prevalent for the stainless-steel surface after sliding against the thermoplastic 

(Figure 11 (f)). However, the dominant wear mechanism is mild polishing and/or abrasive wear. It has 

previously been reported that the thermoplastic contains nano-sized reinforcement particles [44]. 

These particles together with the work hardened and oxidized steel wear debris will initiate the 

abrasive wear of the stainless-steel surface, which will then propagate over time due to the high 

number of stress cycles. 

The surface topography of the worn polymer pins, after sliding against the stainless-steel plates with 

isotropic lay and different initial surface roughness, is shown in Figure 12 and the corresponding SEM 

micrographs in Figure 13. SEM micrographs at higher magnification of the highlighted regions in Figure 

13 are shown in Figure 14. Compared to the thermoplastic, the thermoset materials are subjected to 

a higher degree of material delamination, especially at lower initial counter surface roughness. This is 

attributed to the varying E-moduli of the matrix components in the two thermoset materials, i.e. softer 

bulk material, rigid fibres, CaCo3 and MoS2 fillers, which will cause micro-scale stiffness variances. Due 

to the cyclic loading of the polymer surface, the rigid fibres and filler materials will act as stress 

concentrators and eventually lead to micro cracking of the softer bulk material, seen in Figure 14. The 

larger pores and higher volume fraction of pores in the two thermoset materials is another contributor 

to the higher degree of material delamination compared to the thermoplastic. The larger pores creates 

weak points in the materials due to lack of support from the polymer matrix during cyclic loading and 

shearing. 

The degree of material delamination is decreasing with increased initial counter surface roughness for 

the two thermoset materials (Figure 12 and Figure 13). Similar behaviour is seen for the thermoplastic 

between the intermediate and highest roughness. This behaviour is attributed to the decreasing 

coefficient of friction with increased initial counter surface roughness leading to reduced shear 

stresses acting on the polymer surface and hence less material delamination.  

Initial machining marks are still visible after sliding against stainless steel with low initial surface 

roughness Sa=0.006 µm and 0.08 µm (Figure 12 (g) and (h)). The machining marks are completely worn 

away after sliding against the steel with highest initial counter surface roughness (Sa=0.3 µm), as seen 

in Figure 12 (i). The increased wear of the thermoplastic with increasing initial counter surface 

roughness is in agreement with the measured specific wear rates (Figure 7 (b)). The lower wear of the 

thermoplastic at low initial counter surface roughness contributes to lower amount of available wear 

debris that can form transfer layers on the steel surface and also lower amount of solid lubricants in 

the sliding interface that are friction reducing. This explains the higher coefficient of friction for the 

thermoplastic at low initial counter surface roughness (Sa=0.006 µm and 0.08 µm) compared to the 

highest (Sa=0.3 µm). 
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Figure 12. Surface topography of the load carrying surface of the worn polymer pins after sliding against 

stainless surfaces with isotropic lay and initial surface roughness Sa of: a) 0.006 µm (fibre-reinforced 

thermoset), b) 0.08 µm (fibre-reinforced thermoset), c) 0.3 µm (fibre-reinforced thermoset), d) 0.006 µm 

(fabric-reinforced thermoset), e) 0.08 µm (fabric-reinforced thermoset), f) 0.3 µm (fabric-reinforced 

thermoset), g) 0.006 µm (thermoplastic), h) 0.08 µm (thermoplastic), and i) 0.3 µm (thermoplastic). 

Objective: 10X, field of view: 1X. I=isotropic surface lay. The sliding direction in the figures is parallel to the 

vertical axis. 

The thermoplastic surfaces are significantly less worn after sliding against the counter surfaces with 

low initial surface roughness (Sa=0.006 µm and 0.08 µm) in comparison to the thermoset materials, 

especially at the lowest surface roughness (Figure 12 and Figure 13). This is in agreement with the 

lower specific wear rates of the thermoplastic compared to the thermoset materials at the 

corresponding initial surface roughness (Figure 7 (b)). This behaviour is attributed to two main 

mechanisms. The first is the higher wear of the stainless-steel surface after sliding against the 

thermoset materials compared to the thermoplastic at low initial counter surface roughness (Figure 8 

and Figure 9). This will generate a higher amount of steel debris that will contribute to more abrasive 

wear of both sliding surfaces. The second mechanism is the delamination wear of the thermoset 
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materials containing reinforcement fibres, rigid fillers and impurities. Wear debris with these more 

rigid components will be trapped between the sliding surfaces causing abrasive wear of both surfaces 

or attach to one of the sliding surfaces and cause wear of the other. In both mechanisms, generation 

of hard wear debris will contribute to a higher material removal rate from the surfaces. 

 

Figure 13. SEM micrographs of the load carrying surface of the worn polymer pins after sliding against 

stainless surfaces with isotropic lay and initial surface roughness Sa of: a) 0.006 µm (fibre-reinforced 

thermoset), b) 0.08 µm (fibre-reinforced thermoset), c) 0.3 µm (fibre-reinforced thermoset), d) 0.006 µm 

(fabric-reinforced thermoset), e) 0.08 µm (fabric-reinforced thermoset), f) 0.3 µm (fabric-reinforced 

thermoset), g) 0.006 µm (thermoplastic), h) 0.08 µm (thermoplastic), and i) 0.3 µm (thermoplastic). Regions 1 

to 9 show locations for higher magnification SEM analysis. I=isotropic surface lay. The sliding direction in the 

figures is parallel to the vertical axis. The polymer pins have been sputtered with platinum (Pt). 

The pin specimens for all three bearing materials also show concentrated wear along the edges parallel 

to the sliding direction (Figure 12 and Figure 13). This is explained by the contact pressure distribution 

along the surface with significantly higher contact pressures at the edges of a flat-on-flat contact where 

one of the surfaces has slightly rounded edges as in the case of the bearing material pins [46]. This 
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behaviour is especially prominent for the fabric-reinforced thermoset, particularly after sliding against 

the counter surfaces with higher initial surface roughness. The fabric-reinforced thermoset is 

reinforced with PTFE fibres in the direction perpendicular to the sliding direction and polyester fibres 

in the direction parallel to the sliding direction. The PTFE fibres are used for their friction reducing 

properties and they are weaker than the polyester fibres. The fabric-reinforced thermoset is therefore 

more easily worn in the direction of the PTFE-fibres, which explains the higher wear along the edges 

parallel to the sliding direction where the contact pressure is higher. 

 

Figure 14. SEM micrographs of the worn polymer pins at higher magnification, of the areas marked in Figure 

13 with number: a) 1 (fibre-reinforced thermoset Sa=0.006 µm), b) 2 (fibre-reinforced thermoset Sa=0.08 µm), 

c) 3 (fibre-reinforced thermoset Sa=0.3 µm), d) 4 (fabric-reinforced thermoset Sa=0.006 µm), e) 5 (fabric-

reinforced thermoset Sa=0.08 µm), f) 6 (fabric-reinforced thermoset Sa=0.3 µm), g) 7 (thermoplastic Sa=0.006 

µm), h) 8 (thermoplastic Sa=0.08 µm), and i) 9 (thermoplastic Sa=0.3 µm). I=isotropic surface lay. The sliding 

direction in the figures is parallel to the vertical axis. The polymer pins have been sputtered with platinum 

(Pt). 

The dominant wear mechanism of the thermoset materials is delamination wear after sliding against 

the stainless-steel surface with isotropic lay at all initial surface roughness (Figure 13 and Figure 14). 

Similar wear mechanism has been reported for unfilled and fibre-reinforced PEEK after sliding against 

smooth steel surface [42]. The delamination wear is caused by the cyclic loading of the polymer surface 

and plastic shear deformation of the material [43] with constant change in direction due to the 

reciprocating motion. This eventually leads to wedge formation and micro-cracks in the matrix as well 

as of the wedges. The cracks propagate as a result of the reciprocating motion and lead to material 
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detachment from the polymer surface in the form of small flakes with varying sizes. This behaviour can 

be seen in most of the figures in Figure 14 but is very clear in Figure 14 (a) where large micro-cracks 

are visible around the edges of a wedge formation and the upper part of the wedge has already 

detached from the surface and the part below is on the way to the detach. Next to this wedge, an area 

can be seen where a large wedge has detached. The wedge formation seen on the worn fibre-

reinforced thermoset (Figure 14 (c)) after sliding against the highest initial counter surface roughness 

has a different appearance in comparison to the other surface roughness and materials. The wedges 

are wave shaped perpendicular to the sliding direction. The wedges indicate stick-slip behaviour with 

alternating high and low friction. This behaviour is attributed to the accumulation of wear debris in the 

grinding grooves resulting in thicker transfer layers (Figure 9 (c) and Figure 10 (f)) followed by regions 

where there is less coverage by transfer layers. Hence when the polymer surface will be sliding over 

the stainless-steel surface there will be local variations in coefficient of friction during one stroke. 

The fabric-reinforced thermoset is subjected to a higher degree of material delamination compared to 

the fibre-reinforced thermoset and the width of these areas are larger. This explains the broader 

abrasive grooves seen on the stainless-steel surface with the lowest initial surface roughness after 

sliding against the fabric-reinforced thermoset (Figure 9 (d)) compared to the fibre-reinforced 

thermoset (Figure 9 (a)). When a large sheet is detached from the polymer surface, fresh polyester 

fibres are exposed and can cause abrasive wear of the stainless-steel surface as seen in Figure 11 (d). 

Since the width of the detached areas are larger for the fabric-reinforced thermoset, more fibres are 

protruding in these regions and hence cause wider abrasive grooves on the stainless-steel surface. 

Abrasive wear is also present on the thermoset materials. Both micro-cutting and micro-ploughing are 

active, but the latter is more dominant. The amount of abrasive wear is increasing with increased initial 

counter surface roughness and especially between the intermediate and highest surface roughness. 

This is attributed to higher wear of the softer polymer by the larger asperities on the harder steel 

surface. At low initial counter surface roughness, the abrasive wear is mainly caused by work hardened 

and oxidized stainless-steel wear debris, worn reinforcement and filler debris as well as impurities that 

are adhered to the transfer layers. The worn fabric-reinforced thermoset after sliding against the 

stainless steel with the lowest initial surface roughness show shorter micro-ploughing grooves over 

the entire surface (Figure 14 (d)). These shorter grooves indicates that the polymer surface has been 

in contact with abrasive particles for a shorter period and could be explained by abrasion by larger 

loose stainless-steel wear debris that are attached to the edges of the wear grooves on the stainless 

steel as seen in Figure 11 (e) or the transfer layers as seen in Figure 11 (c). 

The protruding regions seen in the surface topography of the worn fabric-reinforced thermoset pins 

(Figure 12 (d)-(f)) corresponds to locations of the PTFE weft as previously reported in [20, 44]. These 

regions are less worn compared to the regions in-between the PTFE weft due to higher availability of 

solid lubricants. In these regions, the dominant wear mechanism is delamination wear. The material is 

removed through wedge formation, micro-cracks and finally detachment of material from the polymer 

surface (Figure 14 (d) and (e)).  

Protruding regions are also seen in the surface topography of the worn thermoplastic pins (Figure 12 

(g)-(i)). The majority of these regions corresponds to locations where thicker transfer layers are seen 

on the worn stainless-steel surface (Figure 8 and Figure 9 (g)-(i)). Delamination wear is the dominant 

wear mechanism in these regions (Figure 14 (g) and (h)). This is attributed to less interaction with the 
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abrasive asperities on the steel surface due to protective transfer layers and a higher availability of 

solid lubricants. Combined with higher local contact pressures at the protruding regions that 

contributes to higher shear stresses within the material and eventually leading to material 

delamination [44]. 

Delamination wear is the dominant wear mechanism of the thermoplastic at lower initial counter 

surface roughness towards the middle of the pin. Towards the edges, perpendicular to the sliding 

direction, both delamination wear and abrasive wear is prevalent and it is hard to estimate which one 

that is more dominant. The thermoplastic is subjected to a higher degree of abrasive wear compared 

to the thermoset materials. The amount of abrasive wear is increasing with increased initial counter 

surface roughness and after sliding against the roughest counter surface both delamination wear and 

abrasive wear are dominant mechanisms in different regions. Abrasive wear is more dominant in the 

valleys (Figure 14 (i)) and delamination wear at the protruding regions. The abrasive wear at the edges 

is a combination of micro-cutting and micro-ploughing while, micro-ploughing is dominant towards 

the middle of the pin. 

3.3. Ground surfaces with oriented lay 

3.3.1 Friction and wear 

The average friction coefficients and specific wear rates as a function of counter surface roughness 

and lay are presented in Figure 15 for the three bearing materials sliding against ground stainless-steel 

plates with parallel respectively perpendicular surface lay. For easier comparison, the effect of initial 

counter surface roughness and lay on friction and wear is illustrated as normalized average coefficients 

of friction and specific wear rates for each bearing material (Figure 16). 

 

Figure 15. Variation of the average: a) coefficient of friction and b) specific wear rate as a function of counter 

surface roughness and lay for the tested bearing materials. TS=thermoset, ∥=parallel and ⊥=perpendicular 

surface lay to the sliding direction. 

The average coefficients of friction (Figure 15 (a)) show good repeatability with standard deviations of 

maximum 9 %. The specific wear rates (Figure 15 (b)) show standard deviation of 11 % or lower for the 

majority of the tested combinations. However, the standard deviation is higher (13-20 %) for four of 

the tested combinations. The highest standard deviation of 32 % is seen for the thermoplastic sliding 

against stainless steel with parallel lay Sa=0.3 µm. Deviations in coefficients of friction and specific wear 
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rates are attributed to variations in initial counter surface roughness (Sa) between the ground stainless-

steel plates having standard deviations up to 10 % (Table 3). Another contributing factor is the inherent 

deviation between the thermoset materials pins due to the complex structure of the materials with 

some variations in content and appearance [45]. However, the highest deviation in specific wear rate 

is seen for the thermoplastic, which is a homogeneous material and hence the deviations between the 

polymer pins are small. The standard deviation for the average specific wear rate for the thermoplastic 

sliding against stainless steel with isotropic lay and Sa=0.3 µm is 18 % (Figure 7 (b)), which was the 

highest deviation in specific wear rate for the surfaces with isotropic lay. 

Comparing the coefficients of friction for the parallel and perpendicular lay (Sa=0.3 µm) in Figure 15 (a) 

with the ones for the corresponding surface roughness and isotropic lay (Figure 7 (a)), the thermoset 

materials show an increase in friction for parallel and perpendicular lay. The fibre-reinforced 

thermoset shows 39 % higher coefficient of friction for the parallel lay and 49 % higher for the 

perpendicular lay compared to isotropic lay. The fabric-reinforced thermoset shows similar behaviour 

with 46 % increase for parallel lay and 57 % for the perpendicular. In contrast to the thermosets, the 

thermoplastic shows lower friction for the parallel and perpendicular lay with a decrease of 6 % and 

11 % respectively. 

At the lowest initial counter surface roughness (Sa=0.3 µm), the obtained coefficients of friction for 

each bearing material are similar between the parallel and perpendicular surface lay (Figure 15 (a)). 

Hence, the influence of lay is small (below 8 % difference) on the coefficient of friction at the lowest 

initial counter surface roughness. At the lowest surface roughness irrespective of lay orientation, the 

thermoplastic show the lowest friction and the fabric-reinforced thermoset the highest (Figure 15 (a)). 

 

Figure 16. Normalized average coefficients of friction and specific wear rates as a function of counter surface 

roughness and orientation for: a) the fibre-reinforced thermoset, b) the fabric-reinforced thermoset and c) 

the thermoplastic. ∥=parallel and ⊥=perpendicular surface lay to the sliding direction. 

For the fibre-reinforced thermoset, the coefficient of friction is increasing for the parallel lay and 

decreasing for the perpendicular when the initial counter surface roughness increases from Sa 0.3 µm 

to 0.7 µm. While an opposite behaviour is seen when the initial counter surface roughness increases 

from Sa 0.7 µm to 1.1 µm. The influence of initial counter surface roughness on the coefficient of 

friction is also higher for the perpendicular lay compared to the parallel. The highest coefficient of 

friction for the parallel lay at the intermediate initial counter surface roughness (Sa=0.7 µm) is 

attributed to the lowest specific wear rate compared to the lowest and highest surface roughness. 

Since a lower wear rate will contribute to less available polymer wear debris that can form transfer 
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layers and also lower amount of solid lubricants in the sliding interface. Interestingly, the opposite 

behaviour is seen for the perpendicular surface lay at the same initial surface roughness where both 

friction and specific wear rate has its minimum. The lowest friction is obtained after sliding against 

perpendicular lay and intermediate initial counter surface roughness Sa=0.7 µm (Figure 16 (a)). 

In case of the fabric-reinforced thermoset, the coefficient of friction is increasing with increased initial 

counter surface roughness for parallel lay (Figure 16 (b)). The increase is higher between the lowest 

initial surface roughness and the intermediate (18 %) compared to between the intermediate and the 

highest (4 %) (Figure 15 (a)). Increased friction with increased counter surface roughness has previously 

been reported for UHMWPE sliding against stainless steel with surface finish of Ra 0.1-1.0 µm [7]. The 

coefficient of friction for the counter surfaces with perpendicular lay (Figure 16 (b)) show stable 

behaviour and is not influenced by changes in surface roughness. The lowest friction is obtained after 

sliding against parallel lay and lowest initial counter surface roughness Sa=0.3 µm (Figure 16 (b)). 

The influence of surface roughness on friction for the thermoplastic is similar between the two surface 

lays (Figure 16 (c)). Slightly higher friction values (up to 14 %) are seen for the parallel lay at higher 

initial surface roughness (Sa=0.7 and 1.1 µm), similar to the thermoset materials. The thermoplastic 

shows the lowest friction for counter surfaces with lowest initial surface roughness (Sa=0.3 µm) and 

highest friction for intermediate roughness (Sa=0.7 µm), irrespective of lay orientation (Figure 16 (c)). 

For the fabric-reinforced thermoset, the specific wear rates follow the same trend as friction when 

comparing parallel and perpendicular to isotropic lay at Sa=0.3 µm  (Figure 15(b) and Figure 7 (b)). The 

wear is 71 % higher for the parallel lay and 76 % for the perpendicular compared to the isotropic lay. 

For the thermoplastic, wear is also higher for the perpendicular lay (64 %) but 36 % lower for the 

parallel lay compared to isotropic. For the fibre-reinforced thermoset, the specific wear rates are 

similar for the parallel and isotropic lay, while it is 18 % lower for the perpendicular lay compared to 

the isotropic. Similar to the friction, the influence of counter surface lay is also small on the specific 

wear rate (Figure 15 (b)) for the fabric-reinforced thermoset at the lowest initial counter surface 

roughness (3 %). The surface lay shows more influence on specific wear rate for the fibre-reinforced 

thermoset with a 16 % difference for the perpendicular lay compared to the parallel lay. The specific 

wear rate is more than double (123 % higher) for the thermoplastic sliding against a perpendicular lay 

compared to the parallel lay, despite showing similar coefficients of friction. With parallel lay, the 

specific wear rate (Figure 15 (b)) is the lowest for the thermoplastic and highest for the fabric-

reinforced thermoset. For the perpendicular lay, the specific wear rate is the lowest for the fibre-

reinforced thermoset and highest for the thermoplastic. 

When the initial counter surface increases from Sa 0.3 µm to 0.7 µm, the specific wear rates for the 

fibre-reinforced thermoset are decreasing significantly (74-126 %) for both surface lays (Figure 15 (b)). 

While, they are increasing when the initial counter surface increases from Sa 0.7 µm to 1.1 µm (37-71 

%). This indicates a transition in wear mechanisms occurring between Sa 0.3 µm and 1.1 µm. The 

influence of surface roughness is significantly higher for the perpendicular lay compared to the parallel. 

At the lower surface roughness (Sa 0.3 µm and 0.7 µm), the wear rate is lower for the perpendicular 

lay compared to the parallel. Similar behaviour has been reported in [17, 47] for neat and glass fibre-

reinforced PEEK sliding against steel with initial surface roughness Ra 0.06-1.45 µm as well as for 

UHMWPE sliding against hardened stainless steel with surface roughness Ra 0.3 µm [16]. This was 

explained by quick formation of uniform and coherent transfer layers on the counter surface with 
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perpendicular lay while only patchy transfer layers with slow growth rate were seen after sliding 

against the parallel lay [16]. The formation of thicker transfer layers for the perpendicular counter 

surface lay was mainly attributed to entrapment of wear debris aiding polymer build-up on the steel 

surface. 

For the fabric-reinforced thermoset, the influence of surface roughness is significantly higher on the 

specific wear rate compared to the coefficient of friction. At the lowest (Sa=0.3 µm) and highest (Sa=1.1 

µm) initial counter surface roughness, the specific wear rates are similar between the parallel and 

perpendicular counter surface lay (Figure 16 (b)). Meanwhile, the specific wear rate at Sa=0.7 µm and 

perpendicular lay is 144 % higher compared to the parallel lay (Figure 15 (b)). Higher wear rates for the 

perpendicular lay compared to the parallel has previously been reported for POM composites sliding 

against tool steel with surface finish Ra 0.015-0.7 µm [48] and for carbon fibre-reinforced PEEK sliding 

against steel with initial surface roughness Ra 0.06-1.45 µm [47]. Similar behaviour has also been seen 

for PPS composites sliding against Inconel 625 with a surface finish Ra 0.55 µm [11] while the wear 

rates were similar or slightly higher for Ra 0.16 µm. 

The specific wear rate show a linear increase with increased surface roughness for the thermoplastic 

sliding against steel with parallel lay. A similar behaviour was also seen for the thermoplastic sliding 

against surfaces with isotropic lay (Figure 7 (b)). Increasing wear rate with increased surface roughness 

has also been reported for neat and fibre-reinforced PEEK [47], engineering thermoplastics [10] and 

UHMWPE [7] sliding against steel with Ra=0.02-1.45 as well as some of the PPS composites sliding 

against Inconel 625 with a surface finish Ra=0.08-0.55 µm [11]. An opposite behaviour is seen for the 

thermoplastic sliding against steel with perpendicular surface lay (Figure 16 (c)), with a 31 % decrease 

in specific wear rate between the lowest and intermediate surface roughness. The specific wear rates 

are then similar between the intermediate and highest surface roughness. 

It is clear from Figure 16 that the changes in initial counter surface topography have a bigger influence 

on wear than friction for the three bearing materials. For the reinforced thermosets, the parallel lay 

shows the opposite behaviour for friction and wear. I.e., there is a trade-off between friction and wear 

when optimising surface topography. Similar behaviour is also seen for the thermoplastic, however, 

only for perpendicular lay. 

Zsidai et al. [10] and Quaglini et al. [13] suggested that there exist an optimal counter surface 

roughness for any polymer, where minimum friction can be obtained. This should reasonably also 

apply for wear. However, due to the trade-off between friction and wear mentioned above the optimal 

counter surface roughness for a bearing material can differ for minimum friction and minimum wear. 

This is the case for the fabric-reinforced thermoset for which the lowest friction is obtained after sliding 

against parallel lay and lowest initial counter surface roughness Sa=0.3 µm (Figure 16 (b)) while the 

lowest specific wear rate is obtained for the same lay but intermediate initial counter surface 

roughness Sa=0.7 µm. A parallel lay and Sa=0.7 µm appears to be optimal for the tribological 

performance. For the fibre-reinforced thermoset, the lowest friction and specific wear rate is obtained 

after sliding against perpendicular lay and intermediate initial counter surface roughness Sa=0.7 µm 

(Figure 16 (a)). This is the same initial surface roughness as for the fabric-reinforced thermoset but 

opposite counter surface lay. For the thermoplastic, the optimal counter surface roughness is Sa=0.3 

µm and parallel lay. 
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For an initial counter surface roughness Sa=0.3 µm, the thermoset materials benefit from the isotropic 

lay with respect to both friction and wear, while for the thermoplastic, a parallel counter surface lay 

improves the tribological performance (Figure 16 (c)). Contrary, for the highest surface roughness 

(Sa=1.1 µm) a perpendicular lay is better for the thermoplastic and the fabric-reinforced thermoset 

while parallel is better for the fibre-reinforced thermoset. 

3.3.2 Friction and wear mechanisms 

The surface topography of the worn stainless-steel plates with oriented lay and different initial surface 

roughness is shown in Figure 17 after sliding against the fibre-reinforced thermoset. Corresponding 

SEM micrographs of the centre of the wear tracks are shown in Figure 18. At the lowest initial counter 

surface roughness (Sa=0.3 µm), grooves are seen on the stainless-steel plates with both parallel lay 

(Figure 17 (a) and Figure 18 (a)) and perpendicular lay (Figure 17 (d) and Figure 18 (d)). Along the edges 

of the grooves, thick transfer layers are formed (Figure 18 (a)) as a result of accumulated wear debris 

from both the polymer pin and stainless steel. EDS analysis of the contact surfaces of the fibre-

reinforced thermoset pins (Figure S8 (a)) shows a higher Fe concentration on the polymer pin after 

sliding against the steel with parallel lay compared to the perpendicular lay. This is a result of more 

abrasive wear induced on the steel surface by the fibres in the thermoset. Comparing to the isotropic 

lay with initial surface roughness Sa=0.3 µm (Figure 8 (c) and Figure 9 (c)), the stainless-steel surface is 

more worn after sliding against the parallel and perpendicular lay. This contributes to the higher 

coefficient of friction for the oriented lays (Figure 15 (a)) compared to the isotropic (Figure 7 (a)).  

At the lowest initial roughness (Sa=0.3 µm), the overall surface coverage by transfer layers on the steel 

surface is higher for the parallel lay (Figure 18 (a)) than the perpendicular lay (Figure 18 (d)). EDS 

analysis of the worn pins (Figure S8 (b)) also reveals higher concentration of PTFE on the surface after 

sliding against steel with parallel lay. More transfer layers and higher concentration of solid lubricants 

contributes to the similar friction for the parallel lay compared to the perpendicular (Figure 16 (a)), 

despite showing a higher wear of the steel surface. The transfer layers for the parallel lay (Figure 18 

(a)) grow in the sliding direction while for the perpendicular lay (Figure 18 (d)) the transfer layers grow 

perpendicular to the sliding direction. This is attributed to accumulation of wear debris in the 

irregularities formed on the as-delivered steel surface during the cold rolling process. For the 

perpendicular lay, some of the transfer layers also grow in the sliding direction but this is limited to 

the regions where grooves have been formed on the steel surface. 

The stainless-steel plates with intermediate initial counter surface roughness (Sa=0.7 µm) are less worn 

compared to the lowest roughness for both parallel and perpendicular lay after sliding against the 

fibre-reinforced thermoset (Figure 17 and Figure 18). This is also confirmed by a lower concentration 

of Fe on the worn polymer pins (Figure S8 (a)). Less grooves are seen for the perpendicular lay and this 

behaviour is explained by significantly higher surface coverage by thicker transfer layers compared to 

the parallel lay. This also contributes to the lower friction and wear for the perpendicular lay (Figure 

16 (a)). The lower wear rate seen for the parallel lay highlights that the ability of the counter surface 

to accumulate wear debris and rapidly form transfer layers is critical for wear reduction. Higher surface 

coverage by transfer layers is also seen for the parallel lay at the intermediate roughness compared to 

the lowest, which contributes to the reduction in specific wear rate. 
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Figure 17. Surface topography of the ground stainless-steel plates after sliding against the fibre-reinforced 

thermoset. The initial surface roughness and lay is: a) Sa=0.3 µm ∥, b) Sa=0.7 µm ∥, c) Sa=1.1 µm ∥, d) Sa=0.3 

µm ⊥, e) Sa=0.7 µm ⊥, and f) Sa=1.1 µm ⊥. Objective: 10X, field of view: 0.5X. ∥=parallel and ⊥=perpendicular 

surface lay to the sliding direction. The sliding direction in the figures is parallel to the vertical axis. 

At the highest initial counter surface roughness (Sa=1.1 µm), perpendicular lay results in a higher 

surface coverage by more coherent and thicker transfer layers (Figure 17 (e)) compared to the parallel 

lay, which has more patchy transfer layers (Figure 17 (c)). This behaviour is seen for all three bearing 

materials at the intermediate and the highest roughness and contributes to the lower coefficient of 

friction for the perpendicular lay (Figure 15 (a)). These results are in line with earlier reported findings 

for PPS composites sliding against Inconel 625 [11] and UHMWPE sliding against stainless steel [16].  

After sliding against the fibre-reinforced thermoset, the stainless-steel plate with parallel lay is less 

worn at the highest roughness (Figure 17 (c)) compared to the intermediate. This is also confirmed by 

a decreased concentration of Fe on the worn polymer pins with increased initial surface roughness 

(Figure S8 (a)). The lower wear of the steel surface is also contributing to the lower coefficient of 

friction for the highest roughness compared to the intermediate (Figure 16 (a)). In contrast, the wear 

of the steel surface with perpendicular lay is significantly higher at the highest roughness (Figure 17 

(f)) compared to the intermediate. This is also evident from the highest concentration of Fe on the 

worn pin compared to any other surface topography combination (Figure S8 (a)). This contributes to 
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the higher coefficient of friction at the highest roughness for the perpendicular lay (Figure 16 (a)) due 

to a higher ploughing component of friction. The increased abrasive wear on the stainless steel is 

attributed to more reinforcement fibres protruding from the polymer surface and presence of 

impurities (Figure 5 and Table 5) as a result of continuous wear. 

 

Figure 18. SEM micrographs of the transfer layers formed on the ground stainless steel closer to the centre of 

the wear track after sliding against the fibre-reinforced thermoset. The initial surface roughness and lay is: a) 

Sa=0.3 µm ∥, b) Sa=0.7 µm ∥, c) Sa=1.1 µm ∥, d) Sa=0.3 µm ⊥, e) Sa=0.7 µm ⊥, and f) Sa=1.1 µm ⊥. ∥=parallel and ⊥=perpendicular surface lay to the sliding direction. The sliding direction in the figures is parallel to the 

vertical axis. 

Similar to the isotropic lay, abrasive wear is the dominant wear mechanism of the stainless-steel plates 

with parallel and perpendicular lay after sliding against the three bearing materials. Micro-ploughing 

and subsequent micro-fatigue is the dominant micro-mechanism with similar behaviour as illustrated 

in Figure 11 for the isotropic lay. The abrasive wear is caused by the reinforcement fibres, fillers and 

impurities in the bearing materials as well as the generated steel debris during the wear process (Figure 

11  (c) and (e)). In some areas, abrasive grooves initiated by a combination of micro-cutting and micro-

ploughing are also prevalent on the steel surface after sliding against the reinforced thermoset 

materials as shown in Figure 11 (a), (b), and (d).  

The surface topography of the worn fibre-reinforced thermoset pins is shown in Figure 19. SEM 

micrographs of the highlighted regions in Figure 19 are shown in Figure 20. At the lowest initial counter 

surface roughness (Sa=0.3 µm), the contact surface of the pin is more homogenously worn for the 

parallel lay (Figure 19 (a)) compared to the perpendicular (Figure 19 (d)). In the latter case, the centre 

of the pin is more worn and surrounded by protruding regions. This is attributed to accumulation of 

wear debris around the area that has been subjected to a higher degree of wear. The protruding 

regions are load carrying and will hence protect the remaining surface from severe wear. This explains 
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the lower wear rate (Figure 16 (a)) for the perpendicular lay compared to the parallel at the lowest 

surface roughness. 

The polymer surface is subjected to more material delamination after sliding against the steel surface 

with lowest roughness and parallel lay (Figure 19 (a) and Figure 20 (a)) compared to the perpendicular 

lay (Figure 19 (d) and Figure 20 (d)). However, both lays have more areas subjected to larger fragments 

delaminated from the surface compared to the isotropic lay (Figure 13 (c)). For the parallel lay, there 

is also a higher amount of wedge formation (Figure 20 (a)) on the polymer surface while the surface is 

overall smoother for the perpendicular lay (Figure 20 (d)). Delamination wear is the dominant wear 

mechanism for both lays at the lowest initial roughness. Limited abrasive wear is prevalent for both 

lays caused by micro-ploughing and micro-cutting, where the former is more frequent. The abrasive 

wear of the fibre-reinforced thermoset is caused by the same mechanisms as for the isotropic lay, i.e. 

hard asperities on the steel surface in combination with wear debris of steel, reinforcement fibres and 

impurities adhered to the transfer layers on the steel surface. 

 

Figure 19. Surface topography of the load-carrying surface of the fibre-reinforced thermoset after sliding 

against stainless steel with initial surface roughness and lay of: a) Sa=0.3 µm ∥, b) Sa=0.7 µm ∥, c) Sa=1.1 µm ∥, 

d) Sa=0.3 µm ⊥, e) Sa=0.7 µm ⊥, and f) Sa=1.1 µm ⊥. Objective: 50X, field of view: 0.5X. ∥=parallel and ⊥=perpendicular surface lay to the sliding direction. Regions 1 to 6 show locations for SEM analysis. The 

sliding direction in the figures is parallel to the vertical axis. 

More abrasive wear, and reduced delamination, is seen on the fibre-reinforced thermoset after sliding 

against the surface with Sa=0.7 µm and parallel lay. The worn polymer pin (Figure 19 (b)) shows a 

mirrored topography of the steel surface (Figure 17 (b)). Similar behaviour is also seen for the highest 

surface roughness (Figure 17 (c) and Figure 19 (c)). This is attributed to abrasive wear caused by the 

hard asperities on the steel surface. Giltrow and Lancaster [14] proposed that there exists a critical 

surface roughness for a polymer composite material, above which the transfer layers will be unable to 

mask the highest asperity peaks on the counter surface and hence an abrasive component of wear will 
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be prevalent even after establishment of the transfer layers. Hence, for the fibre-reinforced thermoset 

the critical counter surface roughness is somewhere between Sa=0.3-0.7 µm for parallel lay. Micro-

ploughing is the dominant abrasive wear mechanism of the fibre-reinforced thermoset at the end of 

the test and the degree of abrasive wear increases with increased initial counter surface roughness 

(Figure 19 (a)-(c)).  

In case of perpendicular lay with intermediate and high roughness, abrasive wear is not the dominant 

wear mechanism of the fibre-reinforced thermoset (Figure 19 (e) and (f)). Similar to the lowest surface 

roughness, the dominant wear mechanism of the fibre-reinforced thermoset sliding against 

perpendicular lay is delamination wear at the intermediate and highest counter surface roughness 

(Figure 20 (e)-(f)). This is due to the resilient transfer layers formed on the steel surface are thick 

enough to cover the majority of the asperities and hence protect the polymer surface from severe 

wear. The presence of adhered patches is seen on the worn fibre-reinforced thermoset (Figure 20 (e)). 

These corresponding to detached transfer layers from the steel surface when the test has been 

stopped, highlighting that the adhesion between the polymer surface and the transfer layers is higher 

than between the transfer layers and the steel surface. 

 

Figure 20. SEM micrographs of the worn fibre-reinforced thermoset pins of the areas marked in Figure 19 

with number: a) 1 (Sa=0.3 µm ∥), b) 2 (Sa=0.7 µm ∥), c) 3 (Sa=1.1 µm ∥), d) 4 (Sa=0.3 µm ⊥), e) 5 (Sa=0.7 µm ⊥), 

and f) 6 (Sa=1.1 µm ⊥). ∥=parallel and ⊥=perpendicular surface lay to the sliding direction. The sliding 

direction in the figures is parallel to the vertical axis. The polymer pins have been sputtered with gold (Au). 

The surface topography of the worn stainless-steel plates after sliding against the fabric-reinforced 

thermoset is shown in Figure 21. The corresponding SEM micrographs of the centre of the wear tracks 

are shown in Figure 22. Compared to the fibre-reinforced thermoset more deep grooves are seen on 

the steel surface after sliding against the fabric-reinforced thermoset, especially for the perpendicular 

lay. Additionally, less surface coverage by thick transfer layers is seen (Figure 21 and Figure 22). This 

contributes to the higher coefficients of friction and specific wear rates for the fabric-reinforced 

thermoset compared to the fibre-reinforced thermoset (Figure 15).  
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The most abrasive wear is seen on the steel surface with lowest initial roughness (Sa=0.3 µm) for both 

surface lays (Figure 21). The wear of the steel is higher for the surface with perpendicular lay (Figure 

21 (d)), which is also confirmed from the higher concentration of Fe on the worn polymer surface 

(Figure S8 (a)). Compared to the isotropic lay, the steel surface is more worn and have a lower surface 

coverage by protective transfer layers after sliding against parallel and perpendicular lay. This 

contributes to the higher coefficient of friction for the oriented surface lays.  

The amount of wear on the steel surface after sliding against the fabric-reinforced thermoset is 

decreasing with increased surface roughness for both lays but a comparative higher degree of wear is 

seen for the perpendicular lay (Figure 21). 

 

Figure 21. Surface topography of the ground stainless-steel plates after sliding against the fabric-reinforced 

thermoset. The initial surface roughness and lay is: a) Sa=0.3 µm ∥, b) Sa=0.7 µm ∥, c) Sa=1.1 µm ∥, d) Sa=0.3 

µm ⊥, e) Sa=0.7 µm ⊥, and f) Sa=1.1 µm ⊥. Objective: 10X, field of view: 0.5X. ∥=parallel and ⊥=perpendicular 

surface lay to the sliding direction. The sliding direction in the figures is parallel to the vertical axis. 

The transfer layers on the steel with lowest initial roughness (Sa=0.3 µm) consists of mostly patches for 

both lays (Figure 22 (a) and (d)) and the worn surface have similar appearance. This is due to the 

abrading action by the protruding fibres coupled with similar material removal rate from the polymer 

matrix which enables transfer layer formation. Slightly higher amount of patchy transfer layers is seen 
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for the perpendicular lay which is also confirmed by a higher concentration of PTFE on the polymer 

surface (Figure S8 (b)). However, the higher amount of abrasive wear for the perpendicular lay 

contributes to similar friction between the two lays. 

At the intermediate surface roughness (Sa=0.7 µm) and parallel lay, a higher surface coverage by 

transfer layers (Figure 22 (b)) is seen compared to the lowest roughness. This correlates with the lower 

specific wear rate (Figure 16 (b)). However, this is not accompanied by lower friction (Figure 16 (b)) 

indicating insufficient concentration of solid lubricants at the sliding interface. This is also confirmed 

by EDS analysis of the worn polymer surface (Figure S8 (b)). This is explained by the lower specific wear 

rate of the polymer pin, which contributes to lover availability of wear debris containing solid 

lubricants. SEM micrographs show that there are regions with very thin, or complete absence of, 

protective transfer layers on the steel surface (Figure 22 (b)). When the initial roughness is increased 

to Sa=1.1 µm, the surface coverage by transfer layers is decreased and concentrated in four broader 

regions along the sliding direction (Figure 22 (c)). This correlates with the higher friction and wear 

(Figure 16 (b)). The higher specific wear rate is also attributed to requirement of higher amount of 

polymer wear debris in order to fill the surface depressions when the roughness increases due to larger 

asperities. 

 

Figure 22. SEM micrographs of the transfer layers formed on the ground stainless steel closer to the centre of 

the wear track after sliding against the fabric-reinforced thermoset. The initial surface roughness and lay is: 

a) Sa=0.3 µm ∥, b) Sa=0.7 µm ∥, c) Sa=1.1 µm ∥, d) Sa=0.3 µm ⊥, e) Sa=0.7 µm ⊥, and f) Sa=1.1 µm ⊥. ∥=parallel 

and ⊥=perpendicular surface lay to the sliding direction. The sliding direction in the figures is parallel to the 

vertical axis. 

Similar to the fibre-reinforced thermoset, a significantly higher surface coverage by transfer layers is 

seen on the steel surface with perpendicular lay compared to parallel at higher roughness after sliding 

against the fabric-reinforced thermoset (Figure 22 (e) and (f)). The surface coverage is highest at the 

intermediate roughness for the perpendicular lay but the specific wear rate of the polymer pin is 

simultaneously the highest (Figure 16 (b)). Friedrich et al. [47] reported similar findings for carbon 
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fibre-reinforced PEEK sliding against steel with initial surface roughness Ra 0.06-1.45 µm and this was 

attributed to more pronounced formation of transfer layers on the steel surface for the perpendicular 

lay. Franklin and Kraker [48], also reported higher wear rates for perpendicular lay, however, this was 

associated with low surface coverage by transfer layers while, a higher surface coverage with high 

concentrations of PTFE was seen for surfaces with parallel lay. Another contributor for the higher wear 

rates of the fabric-reinforced thermoset at the intermediate roughness for the perpendicular lay is the 

abrasive wear of the steel surface (Figure 17 (e)) which will generate steel wear debris that 

accumulates in the transfer layers and contribute to a higher wear of the polymer pin. At the highest 

initial surface roughness (Sa=1.1 µm), the wear of the steel surface and coverage by transfer layers 

(Figure 22 (f)) is decreased along with the specific wear rate of the polymer pin. This is the opposite 

behaviour compared to the fibre-reinforced thermoset, which showed the lowest wear of the polymer 

pin and steel surface for the perpendicular lay and intermediate roughness. This is explained by the 

rapid running-in wear process of the fibre-reinforced thermoset with a high initial wear, which 

contributes to a high availability of polymer wear debris and hence a quick formation of thick transfer 

layers on the steel surface. The protective transfer layers contribute to a low steady-state wear of the 

polymer resulting in a slow increase in wear. Meanwhile, the fabric-reinforced thermoset showed a 

longer running-in process and higher continuous increase of wear throughout the test. 

The worn surface topography of the fabric-reinforced thermoset pins are shown in Figure 23 and SEM 

micrographs of the highlighted regions in Figure 23 are shown in Figure 24. The protruding regions in 

the surface topography measurements corresponds to locations of the PTFE fibres (Figure 1 (b)), which 

is confirmed by EDS as illustrated in Figure S9. These regions are less worn compared to the polymer 

matrix and the polyester fibres despite having higher localized stresses due to higher local contact 

pressures as they are load carrying regions. The higher availability of PTFE will reduce the local shear 

stresses and hence induce less surface damage. More transfer layers are also found on the steel surface 

in the regions that are sliding against the PTFE fibres (Figure 22). This is especially clear for the parallel 

lay at the highest roughness (Figure 22 (c)) where four broad regions of transfer layers is seen along 

the sliding direction corresponding to the four protruding regions (PTFE) on the polymer surface 

(Figure 23 (c)). 

At the lowest initial counter surface roughness (Sa=0.3 µm), the wear mechanisms of the fabric-

reinforced thermoset in the end of the test are similar between the two surface lays (Figure 23 (a) and 

(d)) and also the isotropic lay. Delamination wear is the dominant wear mechanism (Figure 24 (a) and 

(d)) and more regions with larger fragments delaminated from the surface is seen on the polymer 

surface after sliding against the steel with parallel lay (Figure 23 (a)). In some regions abrasive wear 

(micro-ploughing) is prevalent caused by transfer layers reinforced with steel particles (Figure 11 (c) 

and (e)) from the abrasive wear of the steel surface (Figure 21 (a) and (d)). 

As the surface roughness increases, abrasive wear becomes dominant in case of parallel lay (Figure 23 

(b) and Figure 24 (b)). It can be seen that the degree of abrasive wear increases with increased counter 

surface roughness while the degree of delamination wear decreases (Figure 23 and Figure 24). The 

abrasive grooves on the polymer surface are subjected to high cyclic stresses which lead to propagation 

of micro cracks and eventually detachment of fragments from the polymer surface due to fatigue, 

which is clearly visible in Figure 24 (c). Hence delamination wear is also occurring in regions that are 

subjected to abrasive wear. The lowest specific wear rate for the parallel lay occurs at the intermediate 
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roughness. This shows that a combination of mild abrasive wear and reduced delamination wear is 

more favourable for the fabric-reinforced thermoset. 

 

Figure 23. Surface topography of the load-carrying surface of the fabric-reinforced thermoset after sliding 

against stainless steel with initial surface roughness and lay of: a) Sa=0.3 µm ∥, b) Sa=0.7 µm ∥, c) Sa=1.1 µm ∥, 

d) Sa=0.3 µm ⊥, e) Sa=0.7 µm ⊥, and f) Sa=1.1 µm ⊥. Objective: 50X, field of view: 0.5X. ∥=parallel and ⊥=perpendicular surface lay to the sliding direction. Regions 1 to 6 show locations for SEM analysis. The 

sliding direction in the figures is parallel to the vertical axis. 

 

Figure 24. SEM micrographs of the worn fabric-reinforced thermoset pins of the areas marked in Figure 23 

with number: a) 1 (Sa=0.3 µm ∥), b) 2 (Sa=0.7 µm ∥), c) 3 (Sa=1.1 µm ∥), d) 4 (Sa=0.3 µm ⊥), e) 5 (Sa=0.7 µm ⊥), 

and f) 6 (Sa=1.1 µm ⊥). ∥=parallel and ⊥=perpendicular surface lay to the sliding direction. The sliding 

direction in the figures is parallel to the vertical axis. The polymer pins have been sputtered with gold (Au). 
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For the perpendicular lay, the dominant wear mechanism of the fabric-reinforced thermoset is 

delamination wear for all tested counter surface roughness (Figure 24 (d)-(f)), similar to the fibre 

reinforced thermoset. In contrast to the parallel lay, abrasive wear resulting from micro-ploughing is 

only found in some regions at the intermediate and highest surface roughness for the perpendicular 

lay. This shows that the transfer layers on the steel surface form fast enough, due to high initial wear 

rate, and are thick enough to protect the polymer surface from the hard asperities on the steel surface. 

Similar behaviour was reported by Friedrich et al. [47] for carbon fibre-reinforced PEEK sliding against 

steel and was also associated with higher specific wear rates. The specific wear rate is the highest at 

the intermediate roughness for the perpendicular lay. This is attributed to the high amount of transfer 

layers seen on the stainless-steel surface resulting from high initial wear of the polymer pin and 

subsequent increased delamination due to higher adhesion between thick transfer layer and polymer 

matrix. 

 

Figure 25. Surface topography of the ground stainless-steel plates after sliding against the thermoplastic. The 

initial surface roughness and lay is: a) Sa=0.3 µm ∥, b) Sa=0.7 µm ∥, c) Sa=1.1 µm ∥, d) Sa=0.3 µm ⊥, e) Sa=0.7 

µm ⊥, and f) Sa=1.1 µm ⊥. Objective: 10X, field of view: 0.5X. ∥=parallel and ⊥=perpendicular surface lay to 

the sliding direction. The sliding direction in the figures is parallel to the vertical axis. 

The worn surface topography of the stainless-steel plates after sliding against the thermoplastic is 

shown in Figure 25 and SEM micrographs of the centre of the wear tracks are shown in Figure 26. 
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Compared to the reinforced thermosets, the steel is subjected to significantly less wear with only single 

grooves seen for the perpendicular lay at the lowest and intermediate roughness. Surface coverage by 

transfer layers on the steel surface is significantly higher after sliding against the thermoplastic 

compared to the reinforced thermosets at the lowest surface roughness for the parallel lay and all 

three roughness levels for the perpendicular lay. The transfer layers are also overall thicker for the 

thermoplastic except for the parallel lay at the intermediate and highest roughness where similar or 

less amount of transfer layers are seen compared to the thermoset materials. The higher deviation in 

specific wear rate of the thermoplastic sliding against steel surface with Sa=0.3 µm compared to the 

thermoset materials is explained by the more thicker transfer layer islands. These are more easily 

removed during sliding than thinner transfer layers and contribute to less stable transfer layers 

compared to the thermoset materials. 

 

Figure 26. SEM micrographs of the transfer layers formed on the ground stainless steel closer to the centre of 

the wear track after sliding against the thermoplastic. The initial surface roughness and lay is: a) Sa=0.3 µm ∥, 

b) Sa=0.7 µm ∥, c) Sa=1.1 µm ∥, d) Sa=0.3 µm ⊥, e) Sa=0.7 µm ⊥, and f) Sa=1.1 µm ⊥. ∥=parallel and ⊥=perpendicular surface lay to the sliding direction. The sliding direction in the figures is parallel to the 

vertical axis. 

At Sa=0.3 µm, more thicker transfer layers are seen for the parallel (Figure 26 (a)) and perpendicular 

lay (Figure 26 (d)) compared to the isotropic lay. This contributes to the lower coefficient of friction for 

the oriented lays (Figure 15 (a)). The transfer layers are overall thicker and has a higher surface 

coverage for the perpendicular lay than for the parallel. This contributes to the slightly lower 

coefficient of friction but significantly higher specific wear rate (Figure 16 (c)). SEM micrographs reveal 

a higher concentration of thicker transfer layers patches in the regions that initially are more 

protruding (load bearing) on the steel surface for both lays. 

For the parallel lay, the surface coverage and thickness of transfer layers decreases significantly when 

the initial counter surface roughness increases from the lowest to the intermediate and highest 

roughness (Figure 26 (b) and (c)). This explains the increased friction and wear at the intermediate and 
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highest roughness (Figure 16 (c)) due to less solid lubricants and protective layers in the sliding 

interface. The main reason for the reduced friction at the highest roughness is the increased wear rate 

of the polymer pin which contributes to a higher availability of wear debris and hence solid lubricants 

in the sliding interface. 

In case of the perpendicular lay and increasing roughness, the transfer layers changes from patchy to 

coherent (Figure 26 (e)). The transfer layers are also significantly thicker at the intermediate and 

highest roughness compared to lowest (Figure 26 (d)-(f)). However, the coefficient of friction is higher 

for the intermediate and highest initial roughness compared to the lowest (Figure 16 (c)). This shows 

that too thick transfer layers are not beneficial from a frictional point of view for the thermoplastic. 

The thick coherent transfer layers contribute to a smoother counter surface leading to a higher real 

area of contact and hence a high interfacial shear strength. In contrast, the specific wear rates at the 

intermediate and highest roughness are similar and lower compared to the lowest roughness. This 

shows that the thick transfer layers are protecting the thermoplastic from wear. The slightly lower 

friction at the highest roughness compared to the intermediate (Figure 16 (c)) is attributed to faster 

establishment of a transfer layer, due to high initial wear of the polymer pin, and thereby reducing the 

ploughing component of friction. 

The worn topography of the thermoplastic pins is shown in Figure 27 and SEM micrographs of the 

highlighted regions in Figure 27 are shown in Figure 28. At the lowest initial counter surface roughness 

(Sa=0.3 µm), the dominant steady-state wear mechanism of the thermoplastic is delamination wear 

for both lays, similar to the thermoset materials. The middle of the pin is more worn especially for the 

perpendicular lay (Figure 27 (d)). This is attributed to lower amount of protective transfer layers on 

the steel surface in the middle region as seen in Figure 26 (b). Initial abrasion of the polymer pin by the 

hard asperities on the steel surface with perpendicular lay contributes to the overall higher wear. 

Significantly less amount of abrasive wear is seen on the thermoplastic after sliding against steel with 

parallel lay where it is mostly concentrated towards the edges perpendicular to the sliding direction. 

However, the amount of abrasive wear for both oriented lays is significantly less compared to the 

isotropic lay (Figure 12 (i)). Micro-ploughing is the dominant abrasive wear mechanism of the 

thermoplastic sliding against steel with oriented lays but in some regions micro-cutting is also 

prevalent. 

Similar to the reinforced thermoset materials, the dominant wear mechanism of the thermoplastic 

changes from delamination wear to abrasive wear with increasing counter surface roughness with 

parallel lay (Figure 27 (b) and Figure 28 (b)). The thermoplastic is more homogenously worn at the 

higher surface roughness with parallel lay compared to the thermoset materials and subjected to a 

lower degree of material delamination. This is explained by the lack of reinforcement fibres in the 

thermoplastic material, and hence limited abrasion of the steel surface, along with insufficient 

formation of protective transfer layers which both leads to abrasion of the polymer pin. This 

contributes to the higher specific wear rate of the thermoplastic compared to the thermoset materials 

at the highest roughness for the parallel lay (Figure 15 (b)). 

The worn thermoplastic pins after sliding against steel with perpendicular lay and higher roughness 

are subjected to a combination of abrasive wear and delamination (Figure 27 (e) and (f)). The dominant 

wear mechanism is micro-ploughing (Figure 28 (e) and (f)) resulting from detachment of the thick 

transfer layers in corresponding regions on the steel surface (Figure 25 (e) and (f)) and exposing 
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underlying asperities. Delamination wear mainly occurs where sliding against thicker transfer layers 

takes place. 

 

Figure 27. Surface topography of the load-carrying surface of the thermoplastic after sliding against stainless 

steel with initial surface roughness and lay of: a) Sa=0.3 µm ∥, b) Sa=0.7 µm ∥, c) Sa=1.1 µm ∥, d) Sa=0.3 µm ⊥, 

e) Sa=0.7 µm ⊥, and f) Sa=1.1 µm ⊥. Objective: 50X, field of view: 0.5X. ∥=parallel and ⊥=perpendicular 

surface lay to the sliding direction. Regions 1 to 6 show locations for SEM analysis. The sliding direction in the 

figures is parallel to the vertical axis. 

 

Figure 28. SEM micrographs of the worn thermoplastic pins of the areas marked in Figure 27 with number: a) 

1 (Sa=0.3 µm ∥), b) 2 (Sa=0.7 µm ∥), c) 3 (Sa=1.1 µm ∥), d) 4 (Sa=0.3 µm ⊥), e) 5 (Sa=0.7 µm ⊥), and f) 6 (Sa=1.1 

µm ⊥). ∥=parallel and ⊥=perpendicular surface lay to the sliding direction. The sliding direction in the figures 

is parallel to the vertical axis. The polymer pins have been sputtered with gold (Au). 
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4. Conclusions 

The effect of surface roughness and lay on stainless-steel counter surface on the tribological 

performance, and it governing mechanisms, during sliding against three self-lubricating polymer 

composites has been investigated. Material characterization of the fibre-reinforced thermoset has also 

been performed. The main conclusions are as follows: 

 For the stainless-steel surfaces with isotropic lay, the coefficient of friction is decreasing with 

increased initial surface roughness for all tested bearing materials. This is mainly attributed to 

decreased wear of the stainless-steel surface, which contributes to decreased ploughing 

component of friction, and reduced adhesion with increased initial surface roughness due to 

decreased real area of contact. 

 Material delamination is the dominant wear mechanism of the fibre- and fabric reinforced 

thermoset after sliding against stainless-steel surfaces with isotropic lay. However, the amount 

of abrasive wear is increasing with increased initial counter surface roughness.  

 The thermoplastic is subjected to a higher degree of abrasive wear compared to the thermoset 

materials but at low initial counter surface roughness, material delamination is also the 

dominant wear mechanism of the thermoplastic. 

 The effect of surface lay on friction depends on the surface roughness level. For surface 

roughness Sa 0.7 and 1.1 µm, the coefficient of friction is lower for the perpendicular lay 

compared to parallel lay. This is attributed to higher surface coverage by thicker transfer 

layers. 

 With parallel lay, the dominant wear mechanism changes from delamination wear to abrasive 

wear between the lowest and intermediate surface roughness. This is attributed to formation 

of patchy transfer layers on the steel surface with low surface coverage, which is insufficient 

to protect the polymer surface from the hard asperities on the steel surface. 

 Test results show that it is possible to reduce the coefficient of friction and specific wear rates 

with up to 32 % and 144 % respectively by optimizing the counter surface topography of the 

ground surfaces with oriented lay. Thermoplastic is a better choice for low surface roughness 

(Sa=0.3 µm) while the reinforced thermosets are performing better at the intermediate 

roughness (Sa=0.7 µm). 

 

Supplementary Materials 

Figure S1: Volume distribution of pores in the fibre-reinforced thermoset material using 20X objective. 

Figure S2: Volume distribution of high density particles (impurities) in the fibre-reinforced thermoset 

material using 20X objective. Figure S3: Macrostructure in grey scale of the fibre-reinforced thermoset 

obtained using low-resolution (4X) objective illustrating: a) the full tomographic reconstruction with 

locations marked for the cross sections. Cross sections of the full tomographic reconstruction in: b) X–
Y plane, c) X–Z plane, and d) Y–Z plane. Double-headed arrows indicate the sliding direction. Figure S4: 

Volume distribution of pores in the fibre-reinforced thermoset material using 4X objective. Figure S5: 

3D visualization of the segmented higher density particles (impurities) in the fibre-reinforced 

thermoset, from the higher-resolution (20X) scans. Figure S6: Volume distribution of high density 

particles in the fibre-reinforced thermoset material using 4X objective. Figure S7: SEM micrograph of: 

a) the perpendicular surface to the sliding direction of the unworn fibre-reinforced thermoset pin and 
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corresponding compositional map of: b) carbon (C), c) fluorine (F), d) aluminium (Al), e) iron (Fe), f) 

Magnesium (Mg), g) silicon (Si), and h) titanium (Ti). The polymer pin has been sputtered with a 15.3 

nm layer of platinum (Pt). Arrows indicate the sliding direction. Figure S8: EDS analysis of the contact 

surface on the worn fibre-reinforced and fabric reinforced thermoset pins showing the influence of 

counter surface roughness and lay on the concentration of: a) Iron (Fe) and b) Fluorine (F). 

TS=thermoset, ∥=parallel and ⊥=perpendicular surface lay to the sliding direction. The EDS analysis is 

performed by mapping on a 3.2x2.4 mm area. Figure S9: Worn fabric-reinforced thermoset after sliding 

against stainless steel with parallel lay and highest surface roughness (Sa=1.1 µm) illustrating: a) surface 

topography of the sliding surface, b) SEM micrograph of the highlighted region in figure (a), and 

corresponding compositional map of c) Fluorine (F).  

Video S1: 3D visualization of the microstructure of the fibre-reinforced thermoset material, 

reconstructed from XMT imaging using 20X objective. Video S2: 3D visualization of the segmented 

pores (purple) in the fibre-reinforced thermoset material, reconstructed from XMT imaging using 20X 

objective. Video S3: 3D visualization of the segmented high density particles (impurities) seen as 

white/light features and structure of the segmented PTFE particles seen as black features, 

reconstructed from XMT imaging using 20X objective. Video S4: 3D visualization of the macrostructure 

of the fibre-reinforced thermoset material, reconstructed from XMT imaging using 4X objective. 
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Abstract 

The increased control of hydropower plants (i.e. shift from water level to primary control) leads to an 

increased number of load cycles on critical components such as bearings in hydropower turbines. 

Despite having shorter sliding amplitudes, this may result in a longer accumulated sliding distance that 

reduce the useful life of the bearings.  

In this study, the effect of stroke length on the tribological performance of two self-lubricating polymer 

composites, commonly used for bearings in hydropower turbines, during dry sliding against stainless 

steel is investigated. The reciprocating tests are carried out under relevant conditions, i.e. high 

pressures and long sliding distance, corresponding to years of operation of a hydropower turbine. The 

worn polymer and stainless-steel surfaces are examined using 3D optical surface profilometer and 

SEM/EDS to study the wear and friction mechanisms. 

The results show an increasing wear rate with increased stroke length for both bearing materials, 

especially when the stroke length is longer than the length of the polymer pin. The thermoset show 

the same trend for the frictional behaviour and it is attributed to decrease in coverage by transfer 

layers and solid lubricants at the sliding interface as well as increase in abrasive wear of the stainless 

steel. Meanwhile, the highest friction is observed at the shortest stroke length for the thermoplastic 

and the lowest at the intermediate stroke. Surface analysis reveals higher abrasive wear of the 

stainless-steel counter surface at the longest stroke length for both bearing materials due to lower 

wear particle entrapment. It can be concluded that changes in sliding amplitude have a significant 

influence on the tribological performance of the two polymer composites sliding against stainless steel. 

Keywords: Sliding amplitude; Sliding wear; Friction; Self-lubricating; Polymer composites; Long 

duration; Transfer layers; High contact pressure 

 

 

1. Introduction 

Hydropower is today a central part of the transition to a more sustainable and carbon free energy 

system, contributing to over 60% of the global renewable electricity in 2019 [1]. In recent years, the 

use of renewable energy sources such as hydro, wind, solar and biofuels has increased rapidly. This 

development is driven by increasing environmental awareness together with tougher legislation and 

political decisions leading to higher costs of energy production from fossil sources. However, 

incorporating intermittent renewable energy sources (e.g., wind or solar power) in existing power grids 

requires active control of the power output due to the unpredictable nature of sun and wind. 
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Consequently, the hydropower plants shoulder a large portion of the regulation and balancing duty in 

many power systems [2], as they can go from zero to maximum production (or vice versa) in a matter 

of seconds. This leads to more start/stop cycles [3] and load cycles which contributes to different 

operating conditions than the hydropower plants were originally designed for [4]. The new operating 

conditions affects the expected lifespan of the turbines [3], [5]–[7] and may lead to premature turbine 

failure and reduced productivity [8].  

The guide vanes and turbine blades are critical components in the hydropower plant. Their motion is 

enabled by radial sliding bearings operating in boundary lubrication at high contact pressures and low 

sliding speeds. Due to the increased number of small oscillatory movements, the contact area on the 

bearing counter surface is highly localized. According to Benda and Wurm [9], a reduction of bearing 

life by up to 20 times is possible as a result of the increased number of load cycles. In recent years, end 

users have experienced several bearing failures in hydropower turbines operating under these more 

fluctuating conditions [3]. Therefore, to ensure robust performance of the hydropower plants, proper 

tribological characterization and material selection for the bearings is crucial. It is also desirable with 

low wear of the steel counterpart, since it is not meant to be replaced in contrast to the polymer 

bearing which is replaced at some regular maintenance intervals. 

Studies in the open literature that address the effect of changing operating conditions on the friction 

and wear of self-lubricating polymer bearings are scarce. Gawarkiewicz and Wasilczuk [10] reported 

that small oscillatory movement is the most important parameter contributing to the sliding distance 

and that the actual sliding distance tends to be smaller than the apparent one based on monitoring of 

hydropower plants. 

Orkot TXM Marine (Orkot) and Thordon ThorPlas Blue (ThorPlas) are two commonly used polymer-

based materials for bearings in hydropower turbines. The effect of contact pressure and sliding speed 

on the tribological performance of Orkot [11]–[13] and ThorPlas [13], [14] have been reported. The 

general observation is an increase in specific wear rate with increased sliding speed and is believed to 

be caused by the thermal softening of the polymer leading to a higher degree of deformation especially 

under lower nominal contact pressures (9-19 MPa) [13]. A decrease in coefficient of friction with 

increased nominal contact pressure was attributed to presence of solid lubricants [13]. Lower 

coefficient of friction at higher contact pressures has also been reported for other polymer-based 

materials with PTFE as solid lubricant [15]–[19]. Others reported an increase in friction with increased 

sliding speed [11], [12]. However, high sliding speeds and a continuous motion were used in the two 

latter studies and thus not fully transferable to the intermittent operating conditions typical for turbine 

blades and guide vanes.  

The creep behaviour of Orkot and ThorPlas has not previously been investigated. Rodiouchkina et al. 

[20] suggested that the thermoset material at high contact pressure (26 MPa) is subjected to more 

creep and compressive deformation rather than wear due to low material loss in comparison to the 

height reduction.  

Play [21] presented the first results from a tribometer designed to simulate the actual contact 

conditions found in highly loaded dry bearings where angular displacement was one of the parameters 

that could be altered. He found that increase in angular displacement resulted in a higher coefficient 

of friction for all investigated loads (2000-11250 N) for a fabric reinforced bearing material oscillating 

against steel. However, the wear rate did not follow a linear trend as it was lowest for the highest 
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angular displacement at 2000 N while it was several times higher at 11250 N in comparison to the 

lowest angular displacement. Lancaster et al. [22] also studied effects of amplitude of oscillation on 

the wear of two polymer composite bearing materials reinforced with fabrics of interwoven PTFE and 

glass fibres under dry sliding against steel counter surface. It was reported that the transfer layers 

became increasingly non-uniform when the amplitude of the reciprocating motion is reduced. Play 

[23] defines the mutual overlap coefficient (MOC) as the ratio between the pin contact area and the 

wear track formed on the counter surface and found that widely different wear results and transfer 

film morphologies are obtained when the MOC varies between 0.66 and 0.99. The effect of mutual 

overlap on the tribological behaviour of one pure and three PTFE composites sliding against 316 

stainless steel was reported by Blanchet & Kennedy [24]. They found that graphite filled PTFE 

contributes to significant transfer located solely at the end of the wear track formed on the steel 

counter surface. Meanwhile, glass fibre filled PTFE has the main transfer located in the central zone of 

the wear track with thickness on the order of 1 µm.  

The most common rating system today for commercially available bearing materials was developed by 

Jones et al. [25] in the late 90’s. The procedure consists of a testing cycle that was designed for 

operating conditions that differs from todays with more start/stop cycles and shorter sliding 

amplitude. Ukonsaari and Prakash [26] reported that some of these bearing materials show different 

tribological performance and surface characteristics depending on motion pattern. Hence, it is 

essential to investigate if there is a need to test the materials under conditions relevant to the current 

operating conditions for hydropower plants. The average nominal contact pressures are usually high 

in the Kaplan turbine radial blade bearings (up to 40 MPa) with even higher peak pressures due to edge 

loading. Furthermore, the requirement for bearings in hydro turbines is typically 40 years of operation 

and it is therefore important to study their tribological performance under long duration sliding. 

It is clear from the literature survey that the effect of stroke length on friction and wear of self-

lubricating polymers is not fully understood. Additionally, most of the published studies lack sufficient 

surface analysis of the transfer layers and the underlying wear and friction mechanisms are not 

discussed in detail. 

To bridge this gap, this work aims to investigate the effect of stroke length on the tribological 

performance, and its governing mechanisms, of self-lubricating polymer composites during dry sliding 

against stainless steel at high contact pressure and long accumulated sliding distance. 

2. Experimental work 

In the following section, the experimental materials and methods used for tribological 

characterization and surface analysis are described. 

2.1. Experimental materials and specimen preparation 

Two commercially available self-lubricating polymer-based bearing materials were investigated in this 

study, namely Orkot TXM Marine (thermoset) and Thordon ThorPlas Blue (thermoplastic). The 

thermoset is a polyester-based material reinforced with PTFE and polyester interwoven fabric. It 

contains finely dispersed MoS2 and PTFE solid lubricants together with calcium carbonate (CaCO3) as a 

filler in the material. A representative image of the load carrying surface of the unworn material is 

presented in Figure 1 (a). The thermoplastic is a homogeneous polymer alloy made by compounding 
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several resins with additives and solid lubricants. The resulting material is a mixture of a thermoplastic 

aromatic polymer containing two types of solid lubricants, spherically shaped PTFE inclusions and 

silicone-based additives, evenly dispersed throughout the material. In Figure 1 (b) and (c), a 

representative image and surface topography of the load carrying surface of the material before test 

is presented. A more detailed analysis of the microstructure and composition of the two bearing 

materials is given in [13] and the material properties are listed in Table 1.  

Table 1. Characteristics of the bearing materials. 

Property Thermoset Thermoplastic 

Density [g/cm3] 1.25* 1.40*** 

Compressive Modulus of Elasticity [MPa] 2800*** 3280** 

Tensile Strength [MPa] 55* 66** 

Compressive Yield Strength [MPa] 90* 91** 

Hardness:   

   Rockwell M 90*  

   Shore D  83** 

Thermal Conductivity [W/m·K] 0.22*** 0.25*** 

Maximum Operating Temperature [°C] 130*** 110** 

From * [27], ** [28], *** [13]. 

For the tribological tests, pin specimens with dimension of 18 mm x 18 mm x 10 mm (l x w x h) were 

used, machined from the bearing materials. The edges of the load carrying side were manually ground 

using SiC abrasive paper of grit size #600 to minimise the edge effect and to remove machining marks 

and fibres that protrude from the surface. Afterwards, the polymer pins were ultrasonically cleaned in 

ethanol for three minutes and dried in air before testing. 

 

Figure 1. Representative images of the load carrying surface of the unworn bearing material specimens 

illustrating: a) thermoset pin (used for 22.5 mm stroke length test) and b) thermoplastic pin (used for the 4.5 

mm stroke length test) and c) the surface topography of the thermoplastic in figure b) with a surface 

roughness Sa=0.67 µm. The sliding direction in the figures is parallel to the vertical axis. 

The counter surface made from SS 2387 (EN1.4418 QT 900) was used as the counter surface. SS 2387 

is a high strength stainless steel for use in slightly corrosive environments and commonly used for 

bearing counter surfaces in hydropower turbines. The chemical composition of the stainless steel is 

shown in Table 2. Flat plates were machined to dimensions 112 x 40 x 10 mm3 (l x w x h) and thereafter 

ground with its surface lay parallel to the sliding direction. The measured areal arithmetic average 



5 
 

surface roughness (Sa) was 0.53 ± 0.08 µm and the hardness was 337 ± 7 HV0.1. A representative image, 

surface topography and SEM micrograph of the stainless-steel surface before test is shown in Figure 

2. Prior to the experiments, the plates were cleaned in an ultrasonic bath for seven minutes using 

ethanol and dried in air before testing. 

Table 2. Chemical composition of SS 2387 in wt.%, Fe makes up the balance [29]. 

C Si Mn P S Cr Ni Mo 

Max 0.05 Max 1.0 Max 1.5 Max 0.045 Max 0.030 15.0-17.0 4.0-6.0 0.80-1.5 

 

 

Figure 2. Stainless-steel surface before the test (used for the thermoset material with 4.5 mm stroke length) 

illustrating: a) optical image with the reference points for 3D profilometry measurements b) representative 

surface topography. SEM micrograph of the c) unworn ground stainless-steel surface at higher magnification. 
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2.2. Experimental setup 

The tribological tests were carried out using a linear reciprocating in-house built tribometer with a flat-

on-flat configuration, see Figure 3 (a). The stainless-steel plate was mounted in the lower linear 

reciprocating sample holder and the polymer bearing material pin was fixed in an upper stationary 

sample holder, shown in Figure 3 (b). A schematic diagram of the pin-on-plate test configuration is 

illustrated in Figure 4. The normal load was applied using a pneumatic cylinder and lever arrangement 

that loads the polymer pin against the stainless-steel plate. The reciprocating motion is provided by a 

servo motor which drives a ball-screw via a belt and pulley set up. The linear slide is connected to the 

ball-screw and supported by two linear guides. The normal load and friction forces were measured 

using load cells (Figure 3 (a)). Detailed information about the tribometer and how the normal load and 

friction forces are measured can be found in [30]. 

 

Figure 3. Image of the: a) reciprocating tribometer and b) test specimen configuration. 

The friction force was continuously measured by the load cells using 1 kHz sampling frequency. 

However, due to the long duration of the tests, friction data was collected with approximately seven 

minutes intervals (nine values per hour) over the last 17 load cycles. For each interval, the maximum 

coefficient of friction was calculated based on the absolute highest value and the average coefficient 

of friction based on the average over the sampling interval. Additionally, average mean and maximum 

coefficients of friction were calculated based on the average over the whole test duration (all sampling 

intervals). 

The wear (height reduction) of the polymer pin was continuously measured using an LVDT (linear 

variable differential transformer) displacement sensor with ± 2.5 mm measurement range which 

senses the position of the upper specimen holder, where the bearing material pin is mounted. The 

wear data was collected with 20 seconds intervals and the specific wear rates were calculated based 

on the interval between 80 hours of sliding and the end of the test. The latter is based on findings by 

Jones et al. [25] who reported that most self-lubricating polymer composite bearing materials used in 

hydropower applications reaches a steady wear rate before the 80th test hour under contact pressure 

(23 ± 7 MPa) and sliding velocity (~9 mm/s) representative for hydropower application. Hence, they 

calculated their wear rates based on a time interval between 80 and 120 hours test period.  

In order to estimate the contact temperature in the middle of the wear track, four type K 

thermocouples were used to measure temperature during four additional tribological tests with the 
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thermoplastic material. Two tests were carried out with a stroke length of 4.5 mm and another two 

with a stroke length of 22.5 mm. The locations of the three thermocouples located on the stainless-

steel surface are illustrated in Figure 5. One additional thermocouple was used to measure the ambient 

air temperature and was located at the same height as the contact between the thermoplastic pin and 

the stainless-steel plate. The thermocouple data was collected with a sampling frequency of 1 Hz. 

 

Figure 4. Schematic diagram of pin-on-plate test configuration used for reciprocating sliding tests. 

 

Figure 5. Schematic representation of the location of the type K thermocouples used for measuring the 

temperature during the additional reciprocating sliding tests. Note that one additional thermocouple was 

located in ambient air at the same height as the contact between the thermoplastic pin and the stainless-

steel plate in order to measure ambient temperature. 
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The contact temperature in the middle of the wear track (Tc) was estimated using a reformulation of 

Fourier’s law according to: Tc = ∆xiT2−∆x2Ti∆xi−∆x2 , (1) 

where ∆xi is the distance between the location of the thermocouple 𝑖 (1 for 4.5 mm stroke length and 

3 for 22.5 mm stroke length) and the middle of the wear track, ∆x2 is the distance between the location 

of the thermocouple 2 and the middle of the wear track, Ti is the measured temperature of 

thermocouple 𝑖 (1 for 4.5 mm stroke length and 3 for 22.5 mm stroke length) and T2 is the measured 

temperature of thermocouple 2. The two thermocouples that was closest to the wear track gave the 

best estimation of the contact temperature in the middle of the wear track and were therefore used 

for the estimation of contact temperature according to Equation 1. Hence, thermocouple number one 

and two were used for calculation of the contact temperature for the 4.5 mm stroke length test and 

number two and three for the 22.5 mm test. In order to study the contact temperature increase in the 

middle of the wear track, the measured ambient temperature was subtracted. 

2.3. Test conditions 

The tribological tests were carried out under dry reciprocating sliding and ambient conditions. The test 

parameters are presented in Table 3. The mutual overlap coefficient (MOC) is defined as the ratio 

between the polymer pin contact area and the wear track formed on the steel surface [23]. Two repeat 

tests were carried out for each stroke length and bearing material. The longest stroke length of 22.5 

mm was selected in order to ensure that the entire contact on the stainless-steel surface will be 

exposed during the sliding tests, i.e., the stroke length is longer than the length of the polymer pin. 

Also, it provided the same MOC value of 0.44 as previously used for the tested materials but with 

smaller pin size [13], [20], [31], [32]. The shortest stroke length of 4.5 mm was chosen to ensure that 

the contact on the stainless-steel surface will not be exposed during the sliding tests. Finally, the 

intermediate stroke length of 9 mm was selected to be twice as long as the shortest stroke length and 

in-between the shortest and the longest stroke length. The selected contact pressure and sliding speed 

is in the range of typical operating conditions in the Kaplan turbine trunnion bearings and were 

selected based on findings from a previous study [13]. The sliding speed is lower for the 9 mm stroke 

length due to same settings for the rotational speed of the servo drive unit as for 22.5 mm stroke 

length. This resulted in a lower average sliding speed because of a shorter stroke length. The rotational 

speed was adjusted for the 4.5 mm stroke length to obtain a similar average sliding speed as for 22.5 

mm tests. 

At the end of each stroke, the slider is set to stand still for 0.1 seconds at the reversal point to simulate 

the start/stop behaviour that the bearings in hydropower applications are subjected to due to 

increased control of the hydropower plants [3]. The test duration is therefore selected for each stroke 

length in order to obtain the same sliding distance for all tests and compensate for the standstill. The 

total sliding distance was 4392 m for all tests corresponding to four years of operation for the outer 

and 13 years for the inner trunnion bearing in an average sized Kaplan runner [33].  

Additional static load tests were carried out in order to study the creep behaviour of the bearing 

materials under long duration. Two tests were carried out for each material where a normal load of 13 

kN (corresponding to a contact pressure of 40 MPa) was applied for 168 hours without reciprocating 

motion. During the static load tests, the creep behaviour was measured by continuously measuring 
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the height reduction of the polymer pin using the LVDT displacement sensor and the data was collected 

with 20 seconds intervals. 

Table 3. Experimental conditions used for the tribological tests. 

Test Parameter 
Stroke length [mm] 

4.5 9 22.5 

Normal load [kN] 13 

Nominal contact pressure [MPa] 40 

Reciprocating frequency [Hz] 1.05 0.49 0.21 

Mutual overlap coefficient (MOC) 0.8 0.67 0.44 

Sliding velocity [mm/s] 9.5 8.8 9.5 

Test duration [h] 144 153 166 

Total sliding distance [m] 4392 

Counter surface roughness, Sa [µm] 0.53 ± 0.08 

Temperature (initial) [°C] 24.4 ± 0.7 

Relative humidity [%] 32.8 ± 10.0 

 

2.4. Surface analysis 

Optical images of the stainless-steel plate and the polymer bearing pin before and after the test were 

obtained 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).  

Loose wear debris were accumulated at the edges of the wear track, especially at the reversal points. 

These loose wear particles were carefully removed by pressurized air, before starting further surface 

analysis.  

The surface topography measurements were performed using a Zygo NewView 7300 (Middlefield, CT, 

USA) 3D optical surface profilometer with a 1.375x magnification for the stainless-steel plate and 2.75x 

for the polymer pin. For the stainless-steel plates, the before and after measurements of the wear 

track were performed between the same marking, as illustrated in Figure 2 (a).  

A JEOL JSM-IT300 LV (Peabody, MA, USA) SEM microscope equipped with energy-dispersive X-ray 

spectrometer was used for the surface analysis of the wear tracks and polymer pins. To reduce the 

charging effect using SEM, the polymer pins were sputtered with a 13 ± 1 nm layer of platinum (Pt).  

3. Results 

In the following section, results obtained from the tribological experiments and the analysis of worn 

surfaces are presented. 

3.1. Effect of stroke length on friction 

The average mean and maximum coefficients of friction at different stroke lengths are shown in Figure 

6. A clear difference in mean and maximum friction level is seen between the two self-lubricating 

materials at short and long stroke lengths but at the intermediate stroke length of 9 mm, friction is 

similar between the two materials. The thermoset shows an increasing friction with increasing stroke 

length whereas the thermoplastic displays its lowest friction at the intermediate stroke length. At the 
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lowest stroke length of 4.5 mm, the friction of the thermoset is lower than that of the thermoplastic. 

The opposite behaviour is found at the longest stroke length of 22.5 mm. The standard deviations of 

the coefficient of friction for the thermoset material are increasing with increasing stroke length 

whereas they are relatively constant for the thermoplastic. 

The increase in mean friction with increasing stroke length is more significant in case of the thermoset 

(19% increase from shortest to intermediate stroke and 74% increase from intermediate to longest 

stroke) compared to the thermoplastic (largest difference of 22% between the shortest and 

intermediate stroke lengths). The thermoset benefits from a stroke length that is shorter than the 

length of the bearing test specimen, i.e., the counter surface wear track is never fully exposed during 

sliding. For the thermoset, the increase in maximum friction with increasing stroke length is lower 

compared to increase in mean friction especially for the shorter stroke lengths (4% increase from the 

shortest to intermediate stroke and 63% increase from intermediate to longest stroke). The increase 

in maximum friction for the thermoplastic is higher for the maximum coefficient of friction compared 

to the mean with the largest difference of 30% between the shortest and intermediate stroke lengths. 

 

Figure 6. Average mean and maximum coefficients of friction as a function of stroke length for: a) thermoset 

and b) thermoplastic bearing material. The error bars show the standard deviation calculated for two repeat 

tests. 

Figure 7 shows the friction as a function of time for the entire test duration and the enveloping curves 

indicates the scatter between repeat tests. The friction behaviour of the thermoset at 4.5 and 9 mm 

stroke lengths are similar. An initial decrease is followed by a slowly but continuously increasing 

friction. The friction behaviour is also more stable at the end of the test as seen from the reduced 

scatter with increasing test duration. At 22.5 mm stroke length the friction behaviour changes 

significantly. The initial decrease is relatively short and thereafter a rapid increase takes place, which 

gradually slows down and stabilizes just at the very end of the test. Larger scatter between repeat tests 

is also observed at 22.5 mm stroke length in case of the thermoset.  

The thermoplastic show a rather different friction behaviour to that of the thermoset. At 4.5 mm stroke 

length, an initial drop in friction is followed by a relatively sharp increase and stabilisation at that level. 

A similar behaviour is seen at 9 mm stroke length but the increase is smaller, and the overall friction 

level is lower. At 22.5 mm stroke length the initial friction is higher than at shorter stroke lengths, but 
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this is followed by a quick reduction in friction and thereafter a slow and continuously decreasing 

friction throughout the test. Similar to the thermoset, the scatter increases at 22.5 mm stroke length.  

Based on the temperature measurements using thermocouples (Figure 5), the contact temperature in 

the middle of the wear track was estimated using Equation 1. The heat generated from frictional losses 

resulted in an average temperature rise during steady state (after running-in period) of 13.3 ± 0.3 ℃  

at a stroke length of 4.5 mm and 12.3 ± 0.2 ℃ at 22.5 mm for the thermoplastic sliding against the 

stainless steel. The 8 % lower temperature increase at the higher stroke lengths is partly attributed to 

the lower coefficient of friction. However, it is mainly explained by the fact that the 22.5 stroke length 

is longer than the length of the thermoplastic pin (18 mm) which means that there will always be a 

part of the wear track that is not in contact with the polymer pin as in the case with the 4.5 mm stroke 

length. Hence, the stainless steel at the higher stroke length will be cooled down by convection and 

radiation. 

 

Figure 7. Average and maximum coefficient of friction versus time for the thermoset at a stroke length of: a) 

4.5 mm, b) 9 mm, c) 22.5 mm and for the thermoplastic at stroke length of d) 4.5 mm, e) 9 mm and f) 22.5 

mm. 

The detailed friction responses for both self-lubricating polymer materials during a half sliding 

(oscillation) cycle at the end of the test is shown in Figure 8. During the half of the oscillation cycle the 

friction values are positive and during the other half (reverse stroke) the values are negative. Only the 

positive values have been used for comparison of the detailed friction responses in Figure 8. At 4.5 mm 

stroke length, the initial transition from static-to-dynamic friction is lower than the dynamic friction 

for both thermoset and thermoplastic. This behaviour is also seen for the thermoset at the longer 

stroke lengths. In case of the thermoplastic, the behaviour changes with increasing stroke length. The 

dynamic friction becomes lower than the static-to-dynamic transition and the minimum friction is 

found between the beginning and mid-stroke for 9 mm stroke length and at the very beginning of 

sliding for 22.5 mm stroke length. The longest stroke length also shows an increasing friction during 
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the stroke for both the thermoset and the thermoplastic. For the thermoset, the friction is however 

decreasing at the end of the stroke. 

The larger difference between the maximum and mean coefficients of friction at the longer stroke 

lengths of 9 and 22.5 mm for the thermoplastic, compared to the thermoset (Figure 6), is attributed 

to a lower dynamic friction than static-to-dynamic friction (Figure 8). The difference between the two 

materials is the highest at the stroke length of 22.5 mm where the initial transition from static to 

dynamic friction is the highest for the thermoplastic. 

 

Figure 8. Coefficient of friction curves over approximately half of an oscillation cycle (only positive friction 

values) illustrating typical friction behaviour in the end of the test for the thermoset at a stroke length of: a) 

4.5 mm, c) 9 mm, e) 22.5 mm and for the thermoplastic at stroke length of b) 4.5 mm, d) 9 mm and f) 22.5 

mm. Observe that the range for the y-axis of figure e) which is marked in bold is higher than for the other 

figures. 
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A close up of the friction curves in Figure 8 at the end of one stroke are presented in Figure 9. For all 

stroke lengths, the coefficient of friction does not momentarily go to zero when the slider stops at the 

reversal point. The friction decreases rapidly initially and is followed by a slower decrease for a period 

before it changes direction. This is attributed to stress relaxation of the polymer pin at stand still where 

the built-in stresses exceed the shear stresses at the contact interface. When the sliding speed goes to 

zero, the leading edge of the polymer pin is initially flicking back contributing to the more rapid initial 

decrease in friction, followed by retraction of the trailing edge, which is a slower process. 

 

Figure 9. Close up of the coefficient of friction curves in the end of half of an oscillation cycle where the 

sliding speed goes to zero before the sliding motion changes direction. 

3.2. Effect of stroke length on wear 

The wear results from the tribological tests at different stroke lengths are presented in Figure 10 in 

terms of measured height reduction over time of the polymer pins and the corresponding calculated 

specific wear rates. The general trend for both polymer materials is an increasing wear rate with 

increasing stroke length Figure 10 (a). The thermoset shows larger scatter at the shortest stroke length 

of 4.5 mm compared to the longer stroke lengths as well as to the thermoplastic. A smaller increase in 

wear is seen for the thermoset at the intermediate stroke length and thereafter the wear rate 

increases by more than three times at the highest stroke length. In case of the thermoplastic, the 

behaviour at short and intermediate stroke lengths is similar to that of the thermoset but with slightly 

higher wear rates. The increase in wear rate between intermediate and long stroke length is less for 

the thermoplastic compared to the thermoset. In Figure 10 (b), the measured height reduction of the 

polymer pin specimen is shown as a function of test duration. It is clear that the thermoset experiences 

significantly higher deformation of the pin than the thermoplastic despite showing rather similar wear 

rates, especially at lower stroke lengths. 

The height reduction of the thermoset and thermoplastic pins as a function of time during static 

loading is presented in Figure 11 (a). The height reduction of the thermoset is increasing throughout 

the test and most rapidly in the beginning. The increase appears to be almost constant after 

approximately 40-60 h, suggesting steady state creep. The thermoplastic shows a good creep 
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resistance with a very low height reduction where the increase appears to be relatively constant 

throughout the test. The height reduction of the thermoplastic is in average 32 times lower compared 

to the thermoset. In fact, the height reduction of the thermoplastic is so small that it is almost 

negligible as the height variations due to temperature fluctuations are higher than due to creep.  

 

Figure 10. Variation of: a) the average specific wear rate calculated after 80 hours at different stroke lengths 

for the thermoset and thermoplastic material and b) the height reduction with test duration at different 

stroke lengths for the thermoset and thermoplastic material. Note that it is only representative curves from 

one selected test per material and stroke length presented in figure (b). TS=thermoset, TP=thermoplastic. 

The error bars in figure (a) show the standard deviation calculated for two repeat tests. 

 

Figure 11. Height reduction for the thermoset and thermoplastic material: a) versus time obtained from 

static load tests, illustrating the creep behaviour of the bearing materials under long duration and b) average 

height reduction during static loading respectively reciprocating sliding tests at different stroke lengths. The 

error bars in figure (b) show the standard deviation calculated for two repeat tests. 

The average height reduction of the thermoset and thermoplastic during static loading compared to 

reciprocating sliding at different stroke lengths is shown in Figure 11 (b). For the thermoset, height 

reduction from creep and compressive deformation constitutes a large part (28-72 %) of the total 

height reduction during reciprocating sliding tests, especially at the lower stroke lengths (52-72 %). For 
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the thermoplastic, the height reduction from creep and compressive deformation is a very small (2-5 

%) of the total height reduction during the reciprocating sliding tests and is almost negligible. However, 

similar to the thermoset it is highest at the lowest stroke lengths (4-5 %). 

Profile curves of the worn polymer pins at different stroke lengths are presented in Figure 12 where 

the cross-section have been made in the middle of the pin perpendicular to the sliding direction and 

in Figure 13 parallel to the sliding direction. The thermoset pins (Figure 12 (a)) are more worn at the 

edges parallel to the sliding direction than at the middle compared to the thermoplastic (Figure 12 (b)), 

especially at the longest stroke length. 

 

Figure 12. Profile curves of the worn polymer pins after sliding against the stainless steel at different stroke 

lengths where the cross-section have been made in the middle of the pin, perpendicular (West-East) to the 

sliding direction for: a) thermoset and b) thermoplastic.  

 

Figure 13. Profile curves of the worn polymer pins after sliding against the stainless steel at different stroke 

lengths where the cross-section have been made in the middle of the pin, parallel (North-South) to the 

sliding direction for: a) thermoset and b) thermoplastic.  

In Figure 14 side view optical images of the worn thermoset pin are presented after sliding against the 

stainless steel at the longest stroke length. It can be seen that material is bulging out on the edges of 
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the sample holder, especially at the edges parallel to the sliding direction. Optical images of the 

thermoset pins showed that the deformation of the pins is increasing with increased stroke length. 

 

Figure 14. Side view optical images of the thermoset pin after sliding against the stainless steel at 22.5 mm 

stroke length seen from: a) perpendicular to the sliding direction and b) parallel to the sliding direction. The 

dashed lines indicate the initial shape of the pin prior to test and the arrow symbols indicate the sliding 

direction (in and out of the image or left-right depending on which side of the pin that is viewed). The 

highlighted contact surface indicates the worn surface during the test. 

3.3. Effect of stroke length on surface morphology and transfer layers 

Optical images and surface topography of the worn thermoset polymer pins and the corresponding 

counter surfaces after test are shown in Figure 15 to Figure 17 for the three different stroke lengths. 

Based on SEM analysis, the yellow/brown areas on the stainless-steel surface in the optical images are 

transferred thermoset material, i.e. transfer layers (Figure 18 (a)).  The brown areas consist of thicker 

transfer layers than the yellow regions. Brown transfer layers have previously been observed for a 

variety of polymer composite materials containing PTFE fibres or particles [34], [35]. It was also 

observed that the areas that are of a darker grey colour than the stainless-steel surface (Figure 15 to 

Figure 17) consist of more patchy and thinner transfer layers as seen in Figure 18 (b). 

The wear tracks formed on the stainless-steel counter surfaces after sliding against the thermoset 

(Figure 15 to Figure 17) shows clear signs of transfer layer formation in the centre, particularly at the 

shortest stroke length of 4.5 mm (Figure 15). In Figure 19, profiles across the stainless-steel wear track 

before and after sliding are presented. The transfer layer appears thinner and more distributed in the 

sliding direction with increasing stroke length as seen in Figure 17 and Figure 19. At the longest stroke 

length of 22.5 mm, the transfer layers appears to be thicker towards the reversal points.  
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Figure 15. Load carrying surface of the thermoset after sliding against stainless steel at a stroke length of 4.5 

mm illustrating: a) optical image, regions 1 and 2 show regions for SEM/EDS analysis, and b) surface 

topography. Corresponding stainless-steel surface after test showing: c) optical image and d) surface 

topography. The sliding direction in the figures is parallel to the vertical axis. 
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Figure 16. Load carrying surface of the thermoset after sliding against stainless steel at a stroke length of 9 

mm illustrating: a) optical image and b) surface topography. Corresponding stainless-steel surface after test 

showing: c) optical image and d) surface topography. The sliding direction in the figures is parallel to the 

vertical axis. 
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Figure 17. Load carrying surface of the thermoset after sliding against stainless steel at a stroke length of 

22.5 mm illustrating: a) optical image, regions 1 and 2 show regions for SEM/EDS analysis, and b) surface 

topography. Corresponding stainless-steel surface after test showing: c) optical image and d) surface 

topography. The sliding direction in the figures is parallel to the vertical axis. 

The wear tracks formed on the stainless-steel counter surfaces after sliding against the thermoset 

(Figure 15 to Figure 17) shows clear signs of abrasive wear, particularly at the longest stroke length of 

22.5 mm. SEM micrographs of the worn stainless-steel surface after sliding against the thermoset at 

the longest stroke length is presented in Figure 20 (a) and (b). 
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Figure 18. SEM micrographs of the transfer layers formed on the stainless-steel surface closer to the centre 

of the wear track after sliding against the: a) thermoset at a stroke length of 4.5 mm and b) 22.5 mm, c) the 

thermoplastic at a stroke length of 4.5 mm and d) 22.5 mm. Arrows indicate the sliding direction. 

 

Figure 19. Profiles of the stainless-steel surface with the cross-section region marked in: Figure 15 a) 

before and b) after sliding against the thermoset at 4.5 mm stroke length, in Figure 16 c) before and d) 

after sliding against the thermoset at 9 mm stroke length and in Figure 17 e) before test f) after sliding 

against the thermoset at 22.5 mm stroke length. The profiles have been made perpendicular (West-East) 

to the sliding direction. Observe that the scale on the y-axis of figure a) and b) differs from the rest due 

to higher surface roughness variations of the profile after the sliding test. 
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Figure 20. SEM micrographs of the worn stainless-steel surface after sliding against the: a) thermoset at a 

stroke length of 22.5 mm closer to the middle of the wear track and b) close to the reversal point, c) the 

thermoplastic at a stroke length of 22.5 mm closer to the reversal point and d) closer to the middle of the 

wear track. Arrows indicate the sliding direction. 

EDS analysis of the worn thermoset pins show that regions appearing browner in the optical images 

(Figure 15 to Figure 17 (a)) have a higher fluorine (F) content, from the PTFE, compared to the greyer 

coloured areas. The wear mechanisms are illustrated in Figure 21 (a) and (b) for these two different 

areas at 4.5 mm stroke length as well as in (c) and (d) at 22.5 mm stroke length. The brown regions are 

subjected to a lower degree of abrasive wear and are smoother than the grey regions at all stroke 

lengths. These regions have a protective transfer layer with a higher concentration of PTFE on the 

thermoset surface. In Table 4 concentrations of selected elements from EDS analysis of the worn 

polymer pins is presented. The highest concentration of PTFE is seen at the shortest stroke length and 

decreases with increased stroke length. The concentration of Mo and S is however similar between 

the different stroke lengths.  
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Figure 21. SEM micrographs of the worn thermoset: a) at a stroke length of 4.5 mm of the red marked area 

number 1 in Figure 15 and b) marked area number 2 in Figure 15, c) at a stroke length of 22.5 mm of the red 

marked area number 1 in Figure 17 and d) marked area number 2 in Figure 17. The sliding direction in the 

figures is parallel to the vertical axis. 

Table 4. Selected elements in wt.% from EDS analysis of the worn polymer pins. 

Element 
Thermoset Thermoplastic 

4.5 mm 22.5 mm 4.5 mm 22.5 mm 

F 17.91 ± 2.86 8.68 ± 4.67 2.37 ± 0.29 - 

S 0.57 ± 0.14 0.43 ± 0.10 - - 

Mo - 0.07 ± 0.12 - - 

Si 0.17 ± 0.08 0.52 ± 0.50 0.23 ± 0.06 1.15 ± 1.2 

Fe 3.71 ± 0.45 5.03 ± 3.27 - 0.8 

Cr 0.74 ± 0.10 1.00 ± 0.63 - - 

 

Micro-cracks are prevalent on the thermoset surface after sliding against the stainless steel at all stroke 

lengths as illustrated in Figure S1. These can be found at several locations and differ in size. Similar to 

the observations made in [20] some of the cracks propagate in the sliding direction and initiates in the 

same direction as the more rigid polyester fibres. Based on the SEM/EDS analysis it was found that 

micro-cracks are also concentrated in the regions of the polymer matrix containing CaCO3 which is 

used as a filler material in the thermoset as illustrated in Figure S1 (b). The initiation and propagation 

of these cracks is explained by varying E-moduli of the matrix components in the thermoset causing 

micro-scale stiffness variances between the more rigid particulate filler as well as polyester fibres and 
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the softer bulk material. Due to the cyclic loading of the surface, these rigid components will initiate 

micro-cracking of the softer bulk material and eventually lead to delamination of wear fragments from 

the surface. This process is accelerated by the reciprocating motion. Micro-cracks are also prevalent 

for the thermoplastic at all stroke lengths. However, these are smaller with respect to both the number 

and size compared to the thermoset. The cracks are not connected to a specific phase in the material 

due to homogeneity of the thermoplastic and they are randomly distributed on the surface. 

The optical images and surface topography of the worn thermoplastic pins and counter surfaces after 

tests at different stroke lengths are shown in Figure 22 to Figure 24. In general, the transfer layers are 

more homogeneously distributed for the thermoplastic than in case of the thermoset material. The 

transfer layers are not as clearly visible in the optical images as for the thermoset. Based on 

observations from SEM analysis, regions that have a light yellow or dark grey colour in the optical 

images are coherent transfer layers with a higher surface coverage (Figure 18 (d)) and the more grey 

areas correspond to thicker layers. Regions that appear to be blurry or speckled consists of patchier 

and thinner transfer layers as seen in Figure 18 (c).  

 

Figure 22. Load carrying surface of the thermoplastic after sliding against stainless steel at a stroke length of 

4.5 mm illustrating: a) optical image and b) surface topography. Corresponding stainless-steel surface after 

test showing: c) optical image and d) surface topography. The sliding direction in the figures is parallel to the 

vertical axis. 

The worn stainless-steel surface after sliding against the thermoplastic (Figure 22 to Figure 24) show a 

similar trend to the thermoset counter surface with more distributed transfer layers in the sliding 

direction with increasing stroke length. Topography profiles from the stainless-steel surface before 

and after wear are presented in Figure 25. At the shorter stroke lengths of 4.5 and 9 mm, the transfer 
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layers are significantly thinner in comparison to the thermoset. This can also be seen in the SEM 

micrographs of the transfer layers in Figure 18 (a) and (c). For the thermoplastic, there is less difference 

in transfer layer thickness between the shortest (Figure 25 (b)) and the intermediate stroke length 

(Figure 25 (d)) compared to the thermoset (Figure 19). However, based on the SEM analysis it was 

found that the two  most protruding regions close to the reversal point seen in the surface topography 

of the worn stainless steel at the stroke length of 4.5 mm (Figure 22 (d)) is not transfer layers but rather 

accumulated wear debris with a thickness of up to about 7 µm. Hence, the actual thickness of the 

transfer layers at the lowest stroke length is even thinner than seen in Figure 25 (b) and therefore 

thinner than at the intermediate stroke length. At the longest stroke length of 22.5 mm (Figure 25 (f)), 

the transfer layers are thinner than at the intermediate stroke length (Figure 25 (d)). However, the 

thickness and coverage is higher towards the centre of the wear track in comparison to the thermoset. 

This can also be seen in the SEM micrographs of the transfer layers in Figure 18 (b) and (d).  

 

Figure 23. Load carrying surface of the thermoplastic after sliding against stainless steel at a stroke length of 

9 mm illustrating: a) optical image and b) surface topography. Corresponding stainless-steel surface after test 

showing: c) optical image and d) surface topography. The sliding direction in the figures is parallel to the 

vertical axis. 
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Figure 24. Load carrying surface of the thermoplastic after sliding against stainless steel at a stroke length of 

22.5 mm illustrating: a) optical image and b) surface topography. Corresponding stainless-steel surface after 

test showing: c) optical image and d) surface topography. The sliding direction in the figures is parallel to the 

vertical axis. 
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Figure 25. Profiles of the stainless-steel surface with the cross-section region marked in: Figure 22 a) before 

and b) after sliding against the thermoplastic at 4.5 mm stroke length, in Figure 23 c) before and d) after 

sliding against the thermoplastic at 9 mm stroke length and in Figure 24 e) before test f) after sliding against 

the thermoplastic at 22.5 mm stroke length. The profiles have been made perpendicular (West-East) to the 

sliding direction. 

The wear tracks formed on the stainless-steel counter surfaces after sliding against the thermoplastic 

at the longer stroke lengths (Figure 23 and Figure 24) shows signs of abrasive wear, particularly at the 

longest stroke length of 22.5 mm. SEM micrographs of the worn stainless-steel surface after sliding 

against the thermoplastic at the longest stroke length is presented in Figure 20 (c) and (d). It can be 

seen that the stainless-steel surface is less worn after sliding against the thermoplastic compared to 

the thermoset (Figure 20). 

In Figure 26, SEM micrographs of the dominant wear mechanisms are presented for the worn 

thermoplastic pins at the shortest and longest stroke lengths. The protruding regions on the 

thermoplastic (seen as white features in the optical images in Figure 22 to Figure 24) are subjected to 

a higher degree of delamination wear with wedge formation as shown in Figure 26 (a).  

EDS analysis of the worn thermoplastic pins is presented in Table 4. Fluorine (F) is only detected at the 

lowest stroke length in most of the sites while silicon (Si) content is increasing with increased stroke 

length. SEM micrograph and corresponding EDS compositional maps of the transfer layers formed on 

the stainless steel after sliding against the thermoplastic are shown in Figure 27. The transfer layers 

contains two distinct regions where one is brighter and contains high concentration of Si and O and 

the second is darker and contains high concentrations of C and O. Wear debris from steel is also present 

on the steel surface and in the transfer layers. 
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Figure 26. SEM micrographs of the worn thermoplastic illustrating the wear mechanisms: a) at a stroke 

length of 4.5 mm and b) 22.5 mm. Close-up of the wear mechanisms at a stroke length of: c) 4.5 mm and d) 

22.5 mm. The sliding direction in the figures is parallel to the vertical axis. 

 

Figure 27. SEM micrograph of: a) the stainless-steel surface after sliding against the thermoplastic at 4.5 mm 

stroke length using backscattered electron detector with composition mode (BED-C) and corresponding 

compositional map of: b) carbon (C), c) oxygen (O), d) iron (Fe) and e) silicon (Si). 
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4. Discussion 

For the thermoset, the initial decrease in coefficient of friction (Figure 7) is explained by the higher 

availability of polymer wear debris with more solid lubricants at the sliding interface due to initial 

higher wear. For the thermoplastic, the height reduction (Figure 10 (b)) is actually initially decreasing 

during a short period resulting in a “negative” wear due to thermal expansion of the thermoplastic 
material as a result of frictional heating. The decrease in friction over time for the thermoplastic at the 

longest stroke length (22.5 mm) is explained by the higher wear rate (Figure 10 (a)) resulting in a higher 

availability of wear particles from the material and thus more fresh solid lubricants at the sliding 

interface. The findings are in agreement with previously reported results [20]. 

The higher scatter in friction between repeat tests for both bearing materials at the longest stroke 

length (Figure 7) is explained by less homogenous transfer layers and more presence of grooves on the 

stainless steel (Figure 17 and Figure 24). This results in an inhomogeneous sliding interface leading to 

a greater deviation between repeat tests. 

The obtained average mean and maximum friction for the thermoset at the shortest stroke length (4.5 

mm) of 0.059 ± 0.003 and 0.078 ± 0.004, respectively, is similar to the values reported by Jones et al. 

[25] of 0.061 and 0.088 at 1.1 mm stroke length using a journal bearing setup. This shows that similar 

results can be obtained despite different contact configurations. When comparing the obtained mean 

friction at 22.5 mm stroke length for the thermoset to values reported in literature [13], it is seen that 

these are higher (0.122 ± 0.026 compared to 0.096 ± 0.006). The mutual overlap coefficient (MOC) of 

0.44 was the same in these studies and the difference is attributed to the shorter test duration of 56 

h in [13] since friction is increasing with time for the thermoset as seen in Figure 7 (c). 

Increasing friction with increased angular displacement, as seen for the thermoset, for fabric-

reinforced bearing materials oscillating against steel at high contact pressures has been reported [21], 

[22]. The continuous increase in friction for the thermoset at short stroke lengths is attributed to the 

decreased wear after running-in. This results in less available solid lubricants and the propagation of 

abrasive grooves over time reported in [20] leading to an increased amount of steel debris in the sliding 

interface that together contributes to a higher ploughing component of friction. The overall lower 

friction and wear of the thermoset pin at the lowest stroke length is explained by wear debris 

entrapment and a higher concentration of PTFE as seen from EDS analysis of the worn thermoset 

(Table 4). The concentration decreases with increased stroke length. 

The average mean and maximum friction values obtained for the thermoplastic at a stroke length of 

4.5 mm (0.083 ± 0.004 and 0.107 ± 0.005 respectively) are slightly lower than those reported in [14] of 

0.10 and 0.12. These tests were carried out under similar test conditions to the ones in [25]. The 

difference is attributed to the shorter stroke length as the highest friction is observed at the shortest 

stroke length of 4.5 mm (Figure 6) and the different contact configuration.  

The higher coefficient of friction observed at the shortest stroke length of 4.5 mm compared to the 

longer stroke lengths for the thermoplastic (Figure 6) is attributed to a higher adhesive component of 

friction. The higher temperature increase in the middle of the wear track at the shortest stroke length 

results in thermal softening of the thermoplastic and a larger real area of contact. A lower transfer 

layers coverage results in more direct contact between the thermoplastic and the stainless steel that, 
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together with the increased real contact area, contributes to a higher adhesive component of friction 

in comparison to the longer stroke lengths. 

The increasing wear rate with increasing stroke length for both self-lubricating polymer materials is 

attributed to a higher contribution from abrasive wear at longer stroke lengths. The lowest wear rates 

are obtained at the shortest stroke length for both bearing materials, mainly owing to more retention 

of wear debris and hence increased formation of transfer layers. For the thermoset the best 

performance is obtained at the shortest stroke length as the coefficient of friction is also the lowest. 

The thermoplastic at the shortest stroke length show more localised transfer film formation, which 

leads to the lowest wear but highest coefficient of friction. 

Comparing the obtained wear rate at 22.5 mm stroke length for the thermoset, with an average of 

4.40 ± 0.16 × 10-7 mm3/Nm, it is in the lower range of the ones reported in previous studies for the 

same MOC of 0.44 with an average between 3 × 10-7 to 2.9 × 10-6 mm3/Nm [13], [20], [31], [32]. The 

contact pressure is however slightly lower in these studies, ranging between 20 and 28 MPa and the 

polymer pins are smaller. A smaller specimen means that there will be a lower content of 

reinforcements in the material that contributes to a lower wear resistance. 

The wear rate of the thermoplastic at 22.5 mm stroke length, with an average of 3.09 ± 0.08 × 10-7 

mm3/Nm, is significantly lower than the ones reported in previous studies for the same MOC of 0.44 

with an average between 5.6 × 10-7 to 3.2 × 10-6 mm3/Nm [13], [20], [31], [32]. This is again attributed 

to differences in contact pressure and specimen size.  Average wear rate at the shortest stroke length 

of 4.5 mm for the thermoplastic, with an average of 1.23 ± 0.07 × 10-7 mm3/Nm, is an order of 

magnitude higher than those reported in [14] of 0.14 × 10-7 mm3/Nm at 23 MPa contact pressure. The 

difference is mainly attributed to the shorter stroke length in [14] of 1.1 mm and the different contact 

configuration. The deviation in wear rates between the studies could also be attributed to the selected 

counter surface material and its roughness. Softer and smoother stainless steel (SS 2333 with Sa=0.3 

µm) are used in [13], [20], [31], [32] compared to this study. While harder and smoother stainless steel 

17-4 PH (Ra=0.4 µm) is used in [14]. 

The thermoset has significantly lower creep resistance than the thermoplastic, but shows rather similar 

wear rates. This is explained by a higher height reduction during the first half of the test for the 

thermoset compared to the thermoplastic as the wear rates are calculated based on the interval of 80 

h until the end of the test. The higher wear of the thermoplastic can also be seen from significantly 

more accumulated wear debris at the reversal points of the reciprocating motion on the stainless-steel 

surface (Figure S2). This is especially visible at the shorter stroke lengths despite showing a lower 

height reduction than the thermoset. 

The wear rate of the thermoset at the shortest stroke length (4.5 mm) is lower than at the intermediate 

stroke length (Figure 10 (a)) meanwhile the total height reduction is lower at the intermediate stroke 

length than at the shortest stroke length (Figure 11 (b)). This is attributed to a higher initial height 

reduction at the shortest stroke length (Figure 10 (b)) resulting from more thermal softening. 

The localized wear of the thermoset pins, compared to the thermoplastic, at the edges parallel to the 

sliding direction is explained by the deformation of the thermoset pin resulting in the material bulging 

out on the edges of the sample holder as illustrated in Figure 14. The deformation increases with 

increased stroke length. This leads to a reduction in strengthening from the reinforcements in the 
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thermoset, especially in the direction of the PTFE fibres (perpendicular to the sliding direction) which 

are weaker than the polyester fibres (parallel to the sliding direction). The thermoset is therefore less 

wear resistant at the edges parallel to the sliding direction. The lower wear in the centre of the 

thermoset pin (Figure 12 (a) and Figure 13 (a)) is explained by the higher availability of wear particles 

and hence solid lubricants in the middle of the pin. Particle entrapment facilitates transfer layer 

formation and protects the polymer from wear by the harder stainless steel. 

The thermoplastic shows higher wear at the edges perpendicular to the sliding direction (Figure 13 

(b)). This is attributed to the higher contact pressure peaks at the leading and trailing edges during the 

sliding motion. This results in a higher wear of the edges perpendicular to the sliding direction [36], 

[37]. The dominant wear mechanism of these edges is abrasive wear (Figure 15 to Figure 17 and Figure 

22 to Figure 24 (b)). 

The difference in transfer film formation between the shortest and the longest stroke length for the 

thermoset is illustrated in Figure 18 (a) and (b). It is clear that the transfer layers at the shortest stroke 

length have a higher coverage and are thicker compared to the longest stroke length that consists of 

thinner and patchier islands of the transferred thermoset material. The thicker transfer layers act as 

load-bearing areas and contributes to a reduction in friction due to a reduced contact between the 

polymer pin and the stainless-steel surface as well as lower ploughing component of friction due to 

lower contact with the harder steel surface. 

On the worn thermoset surface, the regions containing a lower amount of PTFE at the shortest stroke 

length of 4.5 mm (Figure 21 (a)) are subjected to a higher degree of abrasive wear and appears rougher 

than at the longer stroke lengths (Figure 21 (c)). This is caused by the higher number of sliding load 

cycles at the shortest stroke length as the total sliding distance is the same at all stroke lengths. Micro-

ploughing is the dominant abrasive wear mechanism in the regions with lower PTFE content at all 

stroke lengths even though micro-cutting is also prevalent. The abrasive wear is caused by interaction 

with hard protruding asperities on the stainless-steel surface, worn reinforcement debris, as well as 

loose wear debris from the steel surface that also can be adhered to the transfer layers. Delamination, 

caused by fatigue due to the high number of load cycles, also contributed to the material removal. The 

size of the delaminated wear particles is varying from nanometres to hundreds of micrometres. A 

region with larger delaminated particles is shown in Figure 21 (c) and correspond to the worn PTFE 

fibres bundles (weft) as reported by [20]. These PTFE fibre bundles are initially protruding on the 

thermoset surface [20] and function as primary load-bearing areas. Hence, they are subjected to higher 

local contact pressures causing delamination when the PTFE content is low, especially at the longer 

stroke lengths (Figure 21 (c)). 

The regions containing a higher amount of PTFE at the shortest stroke length of 4.5 mm (Figure 21 (b)) 

are subjected to less abrasive wear and is smoother than at the longer stroke lengths (Figure 21 (d)). 

This is due to more interaction with hard asperities on the steel surface during longer stroke lengths. 

This is also evident from a higher degree of micro-cutting observed at the longer stroke lengths. The 

dominant wear mechanisms in the regions with higher PTFE content is similar to the ones with lower 

PTFE content, i.e. a combination of micro-ploughing and material delamination due to cyclic loading. 

However, the surfaces are smoother and there is less severe delamination on the larger scale at the 

location of the PTFE weft (Figure 21). 
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At the longest stroke length, a higher content of Fe is seen in the region with a higher PTFE content 

(Figure 21). This is a result of wear particle entrapment and accumulation at the centre of the pin, 

which results in higher presence of elements from both polymer and stainless steel. 

Similar to the thermoset, the surface of the worn thermoplastic is rougher at the shortest stroke length 

of 4.5 mm compared to the longer stroke lengths as illustrated in Figure 26 (a) and (b). This is attributed 

to the higher number of load cycles and the localised wear of the surface compared to the longer 

stroke lengths. The dominant wear mechanisms at short stroke lengths are a combination of 

delamination wear and micro-ploughing (Figure 26 (a) and (c). The latter is caused by the contact with 

the harder stainless-steel surface where the coverage by transfer layers is low. Micro-cutting is also 

prevalent in some regions caused by reinforcement particles from the thermoplastic and/or steel wear 

debris. At long stroke length, in addition to delamination wear, the dominant wear mechanisms are a 

combination of micro-ploughing and mild adhesive or mild polishing wear (Figure 26 (b)). The mild 

adhesive wear is attributed to contact with transfer layers, which at increased stroke length leads to 

more smooth surfaces. The mild polishing wear is explained by contact with transfer layers that are 

thinner and reinforced with a higher content of small steel debris illustrated in Figure 27. Similar to the 

shortest stroke length, micro-cutting is also prevalent at the longest stroke length (Figure 26 (b)) 

caused by steel debris and reinforcement particles from the thermoplastic. However, it is more 

frequently occurring and wider groves caused by the micro-cutting are observed at the higher stroke 

length (Figure 26 (d)). The wider grooves are caused by larger agglomerates of steel debris as shown 

in Figure 20 (b) attached to the transfer layer on the stainless steel. 

The protruding regions on the thermoplastic are subjected to a higher degree of delamination wear 

with wedge formation as shown in Figure 26 (a). This behaviour is attributed to higher local contact 

pressures at the protruding regions, contributing to higher shear stresses within the thermoplastic that 

eventually will lead to delamination. Thicker transfer layers are seen on the stainless steel 

corresponding to the protruding areas on the thermoplastic pin. The most wedge formation is found 

at the intermediate stroke length (Figure 23 (a)), which contributes to the overall highest coverage by 

transfer layers on the stainless steel. This explains the lower coefficient of friction (Figure 6) at the 

intermediate stroke length since EDS analysis (Table 4) showed that PTFE is available on the 

thermoplastic surface at short stroke lengths but decreases with increased stroke length. Meanwhile, 

the silicon (Si) content increased with increased stroke length. This is likely a constituent from silicone 

(Poly(siloxane)) as suggested in [13]. Poly(siloxane) transfer layers on the stainless-steel surface are 

shown in Figure 27 based on the concentration of Si and O in the regions with brighter transfer layers.  

Comparing the unworn stainless-steel surface (Figure 2 (c)) with the worn surfaces, it is clear that 

abrasive wear is the dominant wear mechanism of the stainless steel after sliding against the two 

bearing materials at all stroke lengths as illustrated in Figure 20. The coverage by abrasive grooves 

increases at increased stroke length and the difference is highest between the intermediate and the 

longest stroke length (Figure 17 and Figure 24). This is attributed to the stroke length being longer than 

the polymer pin, which reduces the wear debris entrapment and reduces the transfer film formation. 

The higher wear of the stainless steel at longer stroke lengths is also confirmed by the EDS analysis of 

the worn polymer pins where higher concentrations of elements from the stainless steel are observed 

at the longest stroke length in comparison to the shortest (Table 4). A part of the stainless-steel wear 

debris is also present in the transfer layers on the stainless steel after sliding against the two bearing 

materials as illustrated in Figure 27. The properties of the transfer layer will degrade due to embedded 



32 
 

steel particles, which contributes to reduced lubrication by the transfer layers. The steel particles will 

also reduce the cohesion of the transfer layers leading to easier fragmentation and removal of the 

transfer layers. In addition, the wear of both the bearing material and the stainless-steel surface will 

increase due to abrasion by the hard steel wear debris. 

The stainless steel is more worn after sliding against the thermoset compared to the thermoplastic, 

especially at the longest stroke length (Figure 17, Figure 20 and Figure 24). This is attributed to the 

interaction with the reinforcement fibres as well as the CaCO3 filler particles in the thermoset. 

The abrasive wear mechanisms of the stainless-steel surface is a combination of micro-cutting and 

micro-ploughing. However, the latter is the dominant wear mechanism. A larger steel wear fragment 

is shown in Figure 20 (b) and initiation of cracks within the particle can be seen, eventually leading to 

fragmentation into smaller debris. Steel debris from the surface due to micro fatigue is also seen 

(Figure 20 (d)). This is attributed to initially micro-ploughing and subsequent detachment of wear 

fragments as a result of local surface fatigue. Even though the abrasive wear mechanism is occurring 

at micro scale, they are gradually contributing to the propagation of the macro-scale grooves seen in 

the surface topography of the stainless steel (Figure 17 and Figure 24). These grooves contribute to an 

uneven surface topography, which leads to variation in local contact pressure distribution leading to a 

higher material removal from the stainless-steel surface by the abrasive wear mechanisms in a 

synergistic effect. 

Conclusions 

The effect of stroke length on the tribological performance of two self-lubricating polymer composites 

sliding against stainless steel at high contact pressure and long sliding distance has been investigated. 

The main conclusions of these studies are as follows: 

 A clear difference in friction level is seen between the two self-lubricating materials at 

different stroke lengths except at the intermediate stroke length where the friction is similar 

for the two materials. 

 For the fabric reinforced thermoset, both friction and wear increased with an increase in 

stroke length. This is mainly attributed to thinner and patchy transfer layers as well as 

reduced concentration of PTFE on the thermoset surface and increase in abrasive wear of the 

stainless steel with increased stroke length, especially when the stroke length is longer than 

the thermoset pin. 

 The thermoplastic shows the highest friction at the shortest stroke length and the lowest at 

the intermediate stroke. The latter is attributed to thicker transfer layers in comparison to 

the other stroke lengths and less abrasive wear of the stainless steel compared to the longest 

stroke length. 

 Long duration static load tests showed that the thermoplastic has a much higher creep 

resistance compared to the thermoset with a 32 times lower height reduction. 

Supplementary Materials 

Figure S1: The worn thermoset at a stroke length of 4.5 mm illustrating: a) SEM micrograph using 

backscattered electron detector with composition mode (BED-C) showing micro cracks located near 

the brighter regions and b) the corresponding compositional map of calcium (Ca) that are located in 
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the brighter regions suggesting that they belong to calcium carbonate which is used as a filler in the 

thermoset. The sliding direction in the figures is parallel to the vertical axis. 

Figure S2: Wear debris and wear track formed on the counter surface directly after test for the 

thermoset with a stroke length of: a) 4.5 mm, c) 9 mm and e) 22.5 mm and for the thermoplastic 

with a stroke length of: b) 4.5 mm, d) 9 mm and f) 22.5 mm. The sliding direction in the figures is 

parallel to the vertical axis. 
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