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ABSTRACT                                                                                       
Investigations about friction and wear behaviour of polymer gears have been relatively 

limited. Majority of studies were carried out on pin-on-disc equipment and between 

polymer and steel material pairs. This study compared polymer/polymer contacts to 

polymer/steel contacts for rolling-sliding motion. Materials used were: ultra high 

molecular weight polyethylene (UHMWPE), poly ether ether ketone (PEEK), high 

density polyethylene (HDPE) and steel 280D in shape of discs running against each 

other. The tests were carried out on twin disc apparatus at room temperature in dry 

contact conditions. Various polymeric surface roughness values and addition of tap 

water in contact were tested to observe their influence on coefficient of friction and 

wear of materials. The specific wear rates were calculated using gravimetric 

measurements. Abrasive resistance of UHMWPE showed to be the key material property 

reflecting in good performance. Optical and scanning electronic microscopy (SEM) 

showed the adhesion of polymer material on steel surface, while steel particles were 

found on polymer surface. Added tap water increased wear and coefficient of friction 

and caused corrosion of metal surfaces.  
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1. INTRODUCTION  
Power transmission elements have a representative in almost all areas of modern life 

[1]. One of the most commonly utilised elements are gears, known for their use for 

transferring torque. These machine components have been a subject of interest for 

number of studies over the last decades. The key point for such interest in the 

researches was replacement of metallic materials with non-metallic ones.  

As it is widely known the main goal of industry is to get the highest efficiency possible 

with the lowest possible weight of components and also the lowest costs [5]. Also the 

ability to economically manufacture and run un-lubricated contacts at increasing 

temperature is what makes the plastic gear application even more desirable [1]. In 

general polymer gears are becoming more appreciated because of their technical 

advantages, which consequently increase their demand after production and general use 

in the worldwide industry. These advantages are the main reasons why polymer gears 

have become an interesting alternative to usage of traditional metal gears over the 

whole variety of applications [4, 8]. This explains why in many applications polymer 

materials are replacing metallic materials [6, 7]. Even though the usage of polymer gears 

is increasing, there are numerous research questions left, which need to be answered.  

This master thesis will concentrate on testing different types of polymers, which are 

known to be already commonly used for gear applications, but have not been compared 

against each other. The goal is to compare friction and wear behaviour for chosen 

polymer materials in contact with the same or other polymer materials and in contact 

with metallic material instead.  

1.1 BACKGROUND 

The majority of published papers in the field of tribology considering the polymer gears 

in non-conformal contact struggle with problem of gear geometry, which is considered 

to be very complicated. The result of complex geometry is causing difficulties in 

understanding and processing the gear action. Such difficulties led to usage of much 

simplified alternative method of studying gear behaviour [1]. 

There were already previously published research papers on using twin-disc machine 

for comparison of different engineering polymer materials and their tribological 

performance, but the studies were very limited. 

In the last decades the most commonly used materials for polymer gear applications in 

the industry have been acetal and nylon. Due to the advantages of using polymeric 

materials instead of metallic ones the industry began to use them for high power 

applications as well. There were certain improvements achieved by optimizing the gears 

geometry, but for high power applications acetal and nylon showed poor performance.  

The desire to get the best possible performance of the polymer gears brought the 

material development to the foreground for the last few decades. Despite the fact that 

household appliances do not fall under high power applications, the newly materials 

were used in this purpose too [4]. 
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Therefore further research on comparison of various polymer materials and their 

tribological performance under slide to roll motion is still required.  

One of the key problems is the choice of the right material pair since tribological 

behaviour of material pairs is system dependent, where the contact surface topography 

variations and operating conditions are influencing these results. The changes of surface 

roughness have also shown to be one of the key influences on the results of friction and 

wear. However in majority of researches, the focus was on surface roughness of steel 

surfaces, while the surface roughness of polymer specimens in these studies was more 

or less neglected.  

Furthermore within the material development the tribological behaviour of polymers in 

dry contact have been extensively studied, however the latest research are now more 

focused on the presence of lubricant in contact. Even though the non-lubricated contact 

is one of benefits of usage of polymer materials instead of metal, the trends of presence 

of lubricant in contact is arising due to the significant difference in the tribological 

performance of polymer materials when comparing results of tests obtained under dry 

or lubricated contact. The scientific understanding of polymer in lubricated conditions is 

very limited, where the number of studies is even more limited when discussing water 

lubricated contact.  

Further research is needed in order to provide an in-depth understanding on 

mechanisms involved in the tribology behaviour of chosen polymer materials in 

described conditions to help to clarify confusion. 

1.2 OBJECTIVE 
The present work in this project is aimed to:  

 provide an understanding of material frictional behaviour and the 

mechanisms involved in the slide to roll contact between: 

o identical polymer materials 

o different polymer materials 

o steel with different polymer materials  

 introduce surface roughness on polymer materials and investigate its 

influence on tribological performance of polymers 

 investigate tribological behaviour of polymer materials  with addition of tap 

water in the contact 
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2. LITERATURE REVIEW 
The general belief was that only metallic materials are capable of enduring the stress 

under which gears are operating. However over the last decades numerous researches 

were done regarding replacement of metallic materials with non-metallic ones, hence 

several non-metallic gear materials were developed and their performances were 

studied by many researchers [2]. Polyamides and polyacetals were first used in gear 

applications and since then have been used in many others motion control applications 

[1]. The acceleration of development of new non-metallic materials is also the reason for 

such success of polymer materials [3].  

The number of researches on topic of polymers and polymer composites is, when 

compared to metals, still relatively low due to its late interest in it. Furthermore due to 

the different properties of polymers and polymer composites, their behaviour is being 

modified more than the behaviour of metals, which means that the tests should be done 

for each material and no generalization can be made. Also the fact that the polymers and 

polymer composites have only recently became used for gears application further 

reduces the number of studies done. Therefore results that can be used as a basis for this 

project are very scarce. An additional difficulty constitutes from the complicated 

mechanical element as gears, which geometry is usually always simplified for testing of 

coefficient of friction and wear. The majority of research in the past has been made with 

pin-on-disc equipment, but as already stated, these tests do not show comparable 

results regarding coefficient of friction and wear for gearing [3]. Instead of the pin-on-

disc test it is better to use twin disc machine. Twin disc machine keeps the geometry of 

the specimens simplified, as discs are used instead of gears. However, the device enables 

the determination of a slip-roll ratio, which represents one of the key parameters in 

terms of gear behaviour.  Most researches are made using a polymeric material with a 

set of its composites, because these tend to improve the desired properties in 

comparison to the base material. However, this study focuses on the comparison 

between various polymers, which are currently widely used in the market because of 

their good performances regarding coefficient of friction and wear, but they have not yet 

been compared. 

As already mentioned polyamides and polyacetals are the polymer materials, which 

were mainly used in the last century. However their low-carrying capacity and poor 

thermal properties did not meet the criteria as high as they should have. This was 

precisely the reason for the development of so-called high performance polymers, which 

also includes PEEK. Due to PEEKs high melting point it is suitable for an application such 

as the gearing, as the temperature in the contact between the two gears can rise very 

high. It is commonly known that polymers are very temperature dependent, since high 

temperature can cause a change in their mechanical properties. A feature, which is also 

highly desirable, is good resistance to abrasion, which is one of the main advantages of 

using UHMWPE. Apart from being used for gears, UHMWPE is also known to be 

commonly used in biomedical applications. HDPE on the other hand, which has been 

also used for manufacturing of gears, shows good chemical and also wear resistance. Its 

performance is influenced by normal load, sliding velocity and temperature as written 
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by Watanabe [9], Tanaka [10] and Bahadur and Tabor [11], while UHMWPE 

performance is greater influenced just by normal load as stated by Unal et al. [12].   

In most of the research in which UHMWPE appears concerning the application for gears, 

the counter surface is mainly steel. The reason behind this is probably its good wear 

resistance and moderate coefficient of friction as written by Barrett et al. [13]. The 

majority of studies of PEEK are made with the same material used as the counter 

surface. Numerous studies were made running polymers against steel for gear 

behaviour, where the thermal conditions are very different from those when running 

polymer against polymer [3]. This places the first question in this study as which 

material pair represents a better option for usage depending on the selected materials, if 

we compare polymer/polymer contact and polymer/steel contact.  

One of the most common interests in research regarding polymer/steel material pair is 

the influence of the counter surface roughness. The first lack in this area of studies is 

that the research was mostly done only on smooth counter surfaces. Sliding of polymers 

against rough surface and its influence on wear and friction processes, have hardly been 

studied despite the fact that they represent considerable practical importance. One of 

the studies focused on variety of surface roughness of steel counter surface using pin-

on-disc equipment to test UHMWPE material. Results showed that the effect of variation 

of roughness was in acceleration of wear by abrasion [13]. On the other hand the 

influence of variation of polymer surface roughness has not been highlighted by now.  

This study will, in contrast to previous studies, introduce both smooth and rough 

surfaces on polymer specimens in both polymer/steel and polymer/polymer contacts. 

Thus try to determine what impact, if any, has variety of surface roughness on the 

coefficient of friction and wear. 

Taking into consideration the fact that the polymer gearing system, which is the subject 

of this research is intended for use in domestic appliances, the questions arises what 

impact could tap water have on the selected materials. Lately increasingly more 

research is done regarding the use of water as a lubricant. However, using materials 

such as polymers, since they are known as water absorbent, may modify their behaviour 

and their performance. Lancaster already reported that wear of polymers is higher in 

boundary lubricated contacts compared to dry contacts [14]. Considering that main 

interest is the replacement of steel materials with polymer ones, the question is which 

one provides more advantages regarding behaviour with added water in contact, since 

using steel material and water can lead to corrosion. 
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3. MATERIALS AND METHODS  

3.1 MATERIALS  
The development of plastic gears does not only involve the development of the design, 

but also of the materials used for in the manufacturing. In the past polymer gears were 

not considered to be able to transmit as high powers as metal ones, but nowadays they 

are replacing metal gears because they satisfy the demands for lighter, quieter, more 

durable, cost effective products with innovative designs. This also includes the 

increasing use of high-performance plastics [15]. All the listed reasons place polymer 

gears as serious alternative to traditional metal gears.  

 
3.1.1 POLYMER MATERIALS  
Polymers are macromolecules composed out of a large number of repeating units of 

identical structure throughout a chain. These repeating units are built from atoms, 

which are connected by covalent bonds. Each of the repeatable units is defined as 

monomer. The chemical reaction, which combines the repeating units to form of 

polymer, is known as polymerization. It represents a chemical process where two or 

more molecules are combined together into a covalently bonded chain to form a 

molecule of high molecular weight. The molecules can be connected to each other by 

Van der Waals, dipole and hydrogen bonds, which are weaker, compared to 

intermolecular covalent bonds among repeating units. 

 

Polymers contain identical type of repeated unit in the chain known as homo polymers, 

while polymers containing two or more linkages usually implying two or more different 

types of monomer units are known as copolymers.  

 

The final performance of polymer is depended of the molecule chain structure. There are 

three different ways of linking the polymers: linear, branched and cross-linked.  

 

Another way of polymer classification next to linking is based by physical response to 

heating. The polymers can be assigned to two different groups known as thermoplastics 

and thermosets. 

 
Thermoplastics - linked by intermolecular interactions of Van der Waals forces, 

forming linear or branched structures.  

 

The thermoplastics materials can have two different types of structure depending on the 

degree of the intermolecular interactions that occurs between the polymer chains. These 

types of structures are known as amorphous and crystal.  

 

o Amorphous structures gain a bundled structure of polymer 

chains, which reminds of the disordered ball of thread. This 

structure is directly responsible for the elastic properties of 

thermoplastic materials, while crystal structures on the other 

hand directly influence the mechanical properties of resistance 

to stresses or loads and the temperature resistance.  



 
   

6 
 

 

o Crystal structure is an ordered and compacted structure. 

 

It is also know that thermoplastics can be softened when heated above melting 

temperature Tm and become firm again when they are cooled. This process can be 

repeated without much change in the properties, if they are treated with certain 

precautious. 

 

Thermosets - polymers joined together by covalent bonds during polymerization with a 

highly cross-linked structure. This kind of structure is the main reason for resistance to 

heat softening and the higher mechanical and physical strength in comparison to 

thermoplastic materials. One of the most important characteristic parameters of 

thermosets materials is the gel point. Gel point represents the material change from 

irreversible viscous-liquid state to a solid state during the curing process. After the 

transmission of the gel point, the material stops flowing and cannot be formed again. 
 

Polymer materials have a strong temperature dependence, which limits the usage of 

polymers quite radically. At the high temperature of the environment in which the 

plastic materials are considered to be used, even so called high-performance plastics 

degrade significantly and their mechanical properties can change in the way that 

becomes unpractical for usage [15]. 
 

3.1.1.1 Test related polymers 
In the last 50 years the development went from usage of polyamides and nylons to 

discovering polymers with even better mechanical properties. Tribological tests were 

carried out on three different unfilled polymer materials, which are all classified as 

thermoplastics. In general, thermoplastics are more commonly used materials than 

thermosets regarding applications as gears. 

 

One of the chosen unfilled polymer materials is poly-ether-ether-ketone or shorter 

PEEK, which has, besides the good mechanical properties, also better thermal stability in 

comparison to majority of other polymers. This is a consequence of aromatic and ketone 

structure, while ether groups provide flexibility of material. This material is also well-

known for its high glass transition temperature, which allows it to be used in critical 

severe conditions. As far as mechanical properties are concerned, the PEEK has high 

mechanical strength, stiffness and also good dimensional stability, which is very useful 

property regarding polymers and their manufacturing in tolerances. In comparison to 

nylon and many other polymers it has substantially lower moisture absorption [16]. 

 

Details of PEEK thermal and mechanical properties written in the Table 1 are took from 

Nordbergs Tekniska specifications [17].  
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Table 1: Characteristics of PEEK material  

Characteristics PEEK 
Density 
Tensile yield strength 
Glass transition temperature [ Tg] 
Melting point [ Tm] 
Heat distortion temperature 
Thermal conductivity  
Water absorption [24h, 23°C] 

1310 kg/m³  
110 MPa [ 23°C]  
143°C 
340°C 
160°C 
0.25 W/m.K 
0.06% 

 
There has been considerable amount of interest lately in the ultra-high molecular weight 

polyethylene or UHMWPE regarding friction and wear behaviour. It is well-known for its 

high molecular weight and besides that it has extremely long chains which give it the 

highest impact strength among all thermoplastic polymers. Further on it has good 

electrical properties and chemical resistance, but its mechanical properties are quite 

poor, in comparison to PEEK material. It has low strength, low stiffness and it also tends 

to creep [16]. 

 

Details of UHMWPE on thermal and mechanical properties are given in the Table 2[17]. 

Table 2: Characteristics of UHMWPE material  

Characteristics UHMWPE 
Density 
Tensile yield strength 
Melting point 
Heat distortion temperature 
Thermal conductivity 
Water absorption 
Average molecular weight 

930 kg/m³ 
19 MPa 
130-135°C 
42°C 
0.42 W/m.K 
0.01% [23°C] 
5*10⁶ g/mol 

 
High density polyethylene or HDPE is also a thermoplastic polymer. It has low 

intermolecular forces and also low tensile strength, but in comparison to more 

commercial types of polyethylene it is stiffer and has higher melting point. Generally 

said, the thermal and mechanical properties are poor, but the material has advantages 

such as good wear and chemical resistance and high impact resistance. 

 

Details of HDPE thermal and mechanical properties obtained from Goodfellow on-line 

catalogue are written in the Table 3 [16]. 

Table 3: Characteristics of HDPE material  

Characteristics HDPE 
Density 
Tensile yield strength 
Melting point 
Heat distortion temperature 
Thermal conductivity 
Water absorption [24h, 23°C] 
 

950 kg/m³ 
15-40 MPa 
/ 
46°C 
0.45 -0.52 W/m.K 
<0.01% [23°C] 
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3.1.2 STEEL 
Steel 280D was selected to be used for counter surface in the tests with all three 

polymer materials.  

The chemical composition of steel 280 D is written in Table 4. 

Table 4: Chemical composition of steel 280D expressed with wt% and ppm 

Element C 

[%] 

Si 

[%] 

Mn 

[%] 

P 

[%] 

S  

[%] 

Cr 

[%] 

Ni 

[%] 

Mo 

[%] 

Cu 

[%] 

V 

[%] 

Ca 

ppm 

Ti  

ppm 

O 

ppm 

N 

ppm  

Min 0.17 0.30 1.45 - 0.020 0.20 - - - 0.080 - - - 75 

Max 0.20 0.45 1.60 0.030 0.035 0.30 0.30 0.10 0.30 0.120 15 30 15 150 

 

The mechanical properties of steel 280D are given in Table 5. 

Table 5: Mechanical properties of Steel 280D 

Characteristics Steel 280D 
Yield strength 
Tensile strength 
Elongation min % 
Hardness approx. HB 
Impact strength min at +20°C  
 

500 MPa 
670 MPa 
20 
225 
27 J 

 

3.2 TRIBOLOGY TEST 
3.2.1 FRICTION  
Friction is a phenomenon in mechanical systems, which could be increased or decreased 

depending on the sliding pair and operating parameters or conditions [18]. It is the 

process of two surfaces in contact moving relative to each other, where the normal force 

presses the two surfaces together, while tangential force is needed to move the surfaces 

to each other at the desired speed. Friction itself is not a fundamental force, but 

intermolecular force between the two contacting surfaces. 

In reality it is difficult to predict both friction and wear between the bodies, even though 

the geometry and material parameters are known. However, the friction coefficient can 

be reduced and the wear resistance increased simply by mating the right material 

combinations.  

Friction is often subject of research when dealing with gears. Several observations were 

made by now, which state that friction force and wear mainly depend on type and 

roughness of surfaces in contact, sliding speed, temperature, and normal force [19]. 

This causes great dissipation of energy, surface damages and wear of components. The 

temperature affects the formation and breaking of adhesive bonds, and the coefficient of 

friction.  
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3.2.2 WEAR 
Wear is a process, which occurs when the surfaces are loaded together and are 

subjected to sliding and rolling motion. It is an undesirable consequence of friction 

which occurs on the surface. The characteristic which has important influence on 

friction is surface roughness. It needs to be considered that all engineering surfaces are 

rough. Taking into account the two surfaces loaded against each other, they touch over a 

very small part of their apparent area of contact. The real area of contact is even smaller, 

which causes the formation of high contact stresses. High friction further results in 

material removal, because of the high shear stress on the surfaces. The surface which is 

softer will be the one wearing out. The removal of material or particles can occur in 

number of different ways by mechanisms which have probability varying over a wide 

range [20, 21]. 

Wear is commonly classified with six different mechanisms, while considering wear of 

polymer materials the two most common types of mechanisms are adhesion and 

abrasion.  

3.2.2.1 Adhesive wear 
Adhesive wear is the result of interfacial adhesive junctions locked together as two 

surfaces slide across each other under pressure. Generally adhesive wear refers to 

unwanted displacement and attachment of wear debris from one surface to the other. 

The local pressure at the contacting asperities becomes extremely high. The yield stress 

exceeds and the asperities plastically deform until the real contact area becomes big 

enough to support the applied load [22].  

 

 

Figure 1: Adhesive wear 
  

3.2.2.2 Abrasive wear 
Abrasive wear occurs when the harder of the two surfaces scratches the softer one. The 

mechanism involves hard particles or debris, which are found between the counter 

surfaces. Abrasive wear may be the dominant mechanism when one of the surfaces is 

harder than the counter surface or when the hard abrasive particles are present 

between the counter surfaces. There are two conditions under which abrasive wear 

usually occurs: 

o Two body abrasion - one surface harder than the other one  

o Three body abrasion - a small particle lodges between the two 

softer rubbing surfaces abrades one or both of the surfaces  

The last one is the most common form of abrasive wear [20].  
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Two body abrasive wear 

 

Three body abrasive wear 

 

Figure 2: Abrasive wear 

 

3.2.2.3 Fatigue wear  
Fatigue wear is the consequence of two surfaces rubbing during loading. It occurs if the 

applied load during process is higher than the strength of material. Material surface in 

contact is affected by induced strains and stresses, which cause fatigue cracks that can 

spread to the subsurface regions. The result of cracks linking is in separation and 

delamination of material pieces. 

3.2.2.4 Corrosive wear  
Corrosive wear is accelerated by oxidation of metal, which occurs when two surfaces in 

contact are exposed to friction. Frictional heating further encourages oxidation process, 

which causes temperature increase and consequently the removal of oxide film.  

In some cases the material removal can be governed also by surface melting. Material 

particles removed from the surface are trapped between the rubbing surfaces and cause 

additional increase of wear. 

Frictional heating is strong contributor to weakening of the surfaces. The high 

temperature or so called flash temperature generates at the small area of true contact by 

the dissipation of frictional energy. The motion of the surfaces against each other creates 

friction or frictional energy. A part of this mechanical energy is converted into heat, 

which can affect the mechanical properties and composition of materials. Polymer 

materials are even more exposed to these kinds of surface influences, because of their 

close dependence to temperature. The consequences of heating are shown in lower 

thermal conductivity and deterioration of yield strength of thermoplastic materials [23]. 
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3.2.2.5 Wear rate 
Wear rate represents the total volume of material, which is removed from the specimen 

during the wear test.  

                                         
sF

V
k


                                       eq. 1  

Further step in making wear rate calculations even easier is using the material density, 

which enables calculation of volume loss by using the change in mass of specimen. Wear 

rate can then be calculated by:  

                               
sF

m

sF

V
k










                                eq. 2 

Where ∆m represents the weight loss of the specimen, ρ is the density of specimen 

material, F is the normal force and s the total number of test cycles. 

There are situations where high wear rate and high coefficient of friction are desired, 

but the most common aim is still their reduction. Although wear and friction influence 

each other, their relationship is complex and a correlation between their data is 

therefore hardly ever found.  

The main influence on the increasing and decreasing of friction of polymers still depends 

on the sliding pairs and operating parameters [19]. 

3.2.3 CHOICE OF TEST RIG 
One of the crucial operating parameters regarding gears is also slip-rolling ratio. This is 

one of the main reasons to choose twin-disc machine instead of the pin-on-disc, because 

the latest can enable just sliding motion, while in gears the common motion is 

rolling/sliding one. As the test should represent the real operating conditions as much 

as possible, the twin-disc machine was reasonable choice. It enables the simulation of 

rolling/sliding motion of gears and has already been commonly used by researches in 

earlier studies [1]. 

3.2.3.1 Twin-disc machine 
For the purpose of this project to simulate gear operation conditions the UTM 2000 

twin-disc machine will be used. This machine enables measurement of tribological 

performance of gears because it characterizes and simulates friction and wear 

behaviour.  

Friction force and normal load of both specimens are measured continuously during the 

whole duration of the test. Two discs are mounted on separate ends of each shaft. The 

contact pressure between the discs is produced by dead weight. The force sensor on the 

load lever is measuring the applied load. 

The speed of both discs can be controlled, achieving the conditions from pure rolling to 

pure sliding. The slip between the discs is defined as difference in rotational speed of 

shafts, when one shaft is rotating faster than the other one [24, 25]. 
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Figure 3: UTM 2000 twin-disc machine 

                             

3.2.3.2 Slip-roll ratio 
A tribological system under rolling motion with added sliding can be described as slip-

roll motion. In other words it is describing two contacting bodies when their speeds 

differ. There are two different equations expressing the slip-roll ratio: 
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The first equation represents the one which is widely used and describes the movement 

easy to understand. The specimen, which is the subject of interest, is always noted one, 

while the counter body is marked with number two. Both of the bodies have their 

speeds signs positive to fulfil the basics of rolling motion.  

The negative sign of speed for counter body causes the opposite direction of rolling in 

comparison to main body. This satisfies the rolling motion condition.  

The slip-roll ratio depends on the value of speed of counter body. The value of slip ratio 

has to be positive, which means that the speed of counter body has to be lower than the 

speed of main body to fulfil the fundamentals of rolling motion. 

The speed of specimens has also important role in calculating the PV limit. This indicates 

the boundary value which should not be exceeded to avoid severe wear. In order to 

define PV limit the configuration of test has to be defined. 

3.2.4 INITIAL TEST CONFIGURATION  
The essential geometry in gear surfaces does not conform, but forms a line of contact 

under the impact of load in contact regions. The load is concentrated on this local 

surface in shape of line, which causes an increase in stresses. These stresses are 

commonly known as Hertz contact pressures. 
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3.2.4.1 Hertz contact pressure  
The procedure of calculating the contact stresses in spur gears is based on an 

assumption of simplifying the geometry of gears in contact by two rolling cylinders.  

 

 

Figure 4: Two cylinders in contact [31] 

 

The stress distribution on the contact between the two cylinders is elliptic with 
maximum value σ Hz .  The E 1  and E 2 represent the elastic modulus and 1  and 2 the 

Poisson ratio for both bodies in the contact.  
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The width of the stress distribution follows from equation 4. 
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Figure 5: Hertz contact stresses [31] 
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Stresses represent an important origin of wear on the contact surfaces. Another 

significant parameter influencing wear is also surface roughness. 

3.2.4.3 Surface roughness 
Roughness is a set of the finest irregularities of a surface. It is a result of a particular 

production process or material condition. It is specified by several surface roughness 

parameters, but the most common one is arithmetic mean surface roughness value or 

Ra. The characteristics of surface roughness depend on the quality of machining. 

Depending on the type of cutting tool, the individual pattern of surface roughness can be 

identified.  

The observation of surface topography is obtained with different optical instruments. 

These help characterise the change in surface during the process and the mechanisms of 

wear which occur during the process. 

 

3.3 SURFACE CHARACTERISATION 
Two well-known and commonly used optical devices were used for observation of the 

specimens used in the tests. 

3.3.1 WYKO 
Surface roughness measurements were carried out on Wyko NT1100. This is a 3D 

optical surface profiler, which uses interferometry to measure the surface topography. 

The data gained during measurement are then utilized to generate a 3D image of 

surface. 

 

                                                          

Figure 6: Wyko N1100 

 



 
   

15 
 

3.3.2   SEM  
The scanning electron microscope or SEM utilized a focus beam of high-energy electrons 

to create the picture of the specimen’s surface. The electron-specimen interaction 

reveals information about specimen’s topography, chemical composition, crystalline 

structure and orientation of materials which make up the specimen. It also performs 

analyses of selected point locations on the specimen, which is useful in determining 

chemical composition, crystalline structure and crystal orientation.  

 

3.4 EXPERIMENTAL SETUP 
3.4.1 TEST SPECIMENS 
Polymer specimens were manufactured from rods and sheets in the shape of discs. Steel 

specimens were also machined in the same shape as polymer discs. The discs are in 

standard dimensions used for the test on twin disc machine. 

The specimen dimensions can be seen on the drawing attached to Appendix B. 

The specimens were ultrasonically cleaned with ethyl alcohol and dried in the air prior 

to each test. 

3.4.2 TEST CONDITIONS 
The experiment includes three different test categories:  

o Dry contact 

o Variation of surface roughness 

o Addition of water to the contact 

The operating conditions under which all the tests were conducted are summarized in 

the Table 6.  

Table 6: Operating conditions 

Slip-roll ratio [%] 3 30 

Disc 1 [rpm] 750 750 

Disc 2[rpm] 705 400 

Load [N] 100 100 

Torque [Nm] 5 5 

Number of cycles 75000 75000 

 

There were two different slip-roll ratios selected for testing: 3% and 30%. The tests 

were carried out for 1 hour and 42 minutes to achieve 75000 cycles. During each test the 

temperature between two discs in contact was measured with infrared camera FLIR six 

times. Each test has been repeated three times to ensure the repeatability of results. The 

results are averaged from the three test runs.  
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Calculations of Hertz contact pressures and the width of pressure distributions were 

done in order to investigate the height of the stress values which could occur during 

tests among various combinations of material pairs.  

In Table 7 are given the values of Elastic modulus and Poisson ratio for all the materials 

used in this research. 

Table 7: Values of Elastic modulus and Poisson ratio for all the materials used in the research 

 Elastic modulus - E [GPa] Poisson ratio - ν 

PEEK 3.95 0.4 

UHMWPE 1.2 0.46 

HDPE 1.2 0.46 

Steel 280 D 210 0.3 

 

In Table 8 are written the calculation values of the material pairs between various 

polymers and steel material. 

Table 8: Calculations of the Hertz contact pressure and the width of pressure distribution for 

steel/polymer contact 

Specimen 1 Specimen 2 b  [mm] Max Hertz contact pressure 

[MPa] 

Steel 280 D PEEK 0.18 36 

Steel 280 D UHMWPE 0.31 21 

Steel 280 D HDPE 0.31 21 

 

On the other hand in Table 9 are listed only the calculation values of all the 

combinations between various polymer material pairs. 

Table 9: Calculations of the Hertz contact pressure and the width of pressure distribution for 

polymer/polymer contact 

Specimen 1 Specimen 2 b [mm] Max Hertz contact 

pressure [MPa] 

PEEK UHMWPE 0.35 18 

PEEK HDPE 0.35 18 

UHMWPE HDPE 0.43 15 

PEEK PEEK 0.25 26 

UHMWPE UHMWPE 0.43 15 

HDPE HDPE 0.43 15 
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3.4.2.1 Dry contact 
Dry contact is the first category under which all possible combinations of chosen 

material pairs were tested to show which provides the best performance regarding 

friction and wear behaviour.  

3.4.2.2 Influence of surface roughness  
The tests in this category were done to show the impact of surface roughness on the 

friction and wear on the material pairs, which were chosen for this research.  

Table 8 reveals the surface roughness values, which were used for tested specimens.  

Table 10: Surface roughness of specimens 

Surface roughness Smooth Rough 

Ra 1-3,5 µm 8-15µm 

 

The poor performance of certain material pairs in dry contact excluded these materials 

from further investigation. The results of the remainder of material pairs tested were 

compared to the results obtained in the dry contact. 

3.4.2.3 Added water to the contact 
Tap water was added to the contact two times in the time period of 1 minute. The 

quantity of water was 25 droplets.  First time the water was added after 15 minutes, 

when the coefficient of friction stabilised and the running in phase finished, and the 

second time after 1 hour and 15 minutes. The reason for adding water was to see its 

impact, since it is not added continuously as lubricant. Material pairs tested in this 

category were chosen on the basis of prosperous previous performances. The remainder 

of poor performances were excluded from further investigation. Results obtained during 

this category have been compared to the ones obtained in the dry contact. 

Polymer specimens were weighted every time after the test, but first they were kept in 

the desiccator for 24 hours. 
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4. RESULTS and DISCUSSION  
The main interest of this research is the comparison of performances of polymer/steel 

and polymer/polymer material pairs for chosen materials. Based on the obtained results 

of tests the conformation of the latest trend will be made, such as that the replacement 

of steel materials with polymer ones is the best option regarding gearing application. 

Despite the current success and numerous advantages of polymers against steel, the 

tests were conducted for three different categories to consider as many different 

circumstances as possible before stating final decision. 

4.1. DRY CONTACT 
First category of tests was done in dry contact where all possible combinations of 

material pairs were tested to see which material combination provides the best 

performance regarding coefficient of friction and wear.  

4.1.1 COEFFICIENT OF FRICTION  
Figure 7 shows the comparison of coefficients of friction measured between steel and 

three various polymer materials, where the slip-roll ratio altered from 3% to 30%. Each 

bar is averaged from three test runs. Individual friction curves from each test are 

presented in the Appendix A.  

 

Figure 7: Coefficient of friction in dry contact for steel/polymer material pairs 
 

Friction behaviour of polymer-metal contacts depends on the transfer film, which is 

formed on the counter surface. The selection of counter material is based on the 

property of developing the thin film and sustaining this film during exposure to contact, 

which in turn affects the frictional behaviour [26]. However better transfer film tends to 

form with soft material, which explains the obtained results where it could be seen that 

low coefficient of friction was achieved with steel-HDPE and steel-UHMWPE material 

pairs. Both materials are softer compared to PEEK.  



 
   

20 
 

Comparison of coefficients of friction measured between the same polymer materials 

are shown in Figure 8. The slip-roll ratio varied between 3% and 30%. Each bar is 

averaged from three test runs. Individual friction curves of each test are included in the 

Appendix A.       

 

 

Figure 8: Coefficient of friction in dry contact with the same polymer materials     

        

There is an obvious difference between frictional behaviour between polymer-steel and 

polymer-polymer contacts. All the materials in this case reached higher coefficient of 

friction during 3% slip-roll ratio tests instead of 30% as was the situation with polymer-

steel pairs. The reason for that is much higher friction force when polymer is sliding in 

contact with itself [27]. However, comparing the materials for 3% slip-roll ratio with one 

another the best behaviour was obtained by PEEK material, but also HDPE follows close 

behind. UHMWPE in this case presented the poorest behaviour, because the coefficient 

of friction was the highest for both 3% and 30% slip-roll ratio. This appears to be due to 

the high abrasion resistance of UHMWPE. Since the contact surfaces are smooth there is 

no abrasion present to form polymer wear debris or the quantity of them is lower than 

in case of HDPE and PEEK material. Wear debris represents a precursor of the transfer 

film, which decrease the coefficient of friction.  

Coefficient of friction between all possible combinations of different polymer materials 

chosen for this project is displayed in Figure 9. The slip-roll ratio shifted between 3% 

and 30%. Each bar is averaged from three test runs. Individual friction curves of each 

test are included in the Appendix A.  
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Figure 9: Coefficient of friction in dry contact for different polymer materials 

 

Adhesion is a phenomenon where two materials in contact form a region of adhesive 

bond, which is able to sustain and transmit stresses [28]. The combination of UHMWPE 

and PEEK materials for both slip-roll ratios showed as the best when compared to the 

other two options, which means that UHMWPE and PEEK has the lowest molecular 

adhesion since it is believed that adhesion is the major contributor to high friction [29]. 

However, the coefficient of friction for 30% slip-roll ratio is lower in case of PEEK and 

HDPE material pair, because HDPE went from elastic to plastic deformation of asperities. 

Asperities of HDPE were reduced due to contact with a harder surface of PEEK material, 

which led to reduction of coefficient of friction [29]. The poorest performance gives the 

UHMWPE and HDPE material pair, which has relatively low coefficient of friction for 

30% slip-roll ratio, because of plastic deformation of asperities as a consequence of 

frictional heating and low melting temperature of both materials in contact, but 

extremely high for 3% slip-roll ratio in comparison to other two material pairs as result 

of high adhesion forces.  
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Figure 10: Comparison of coefficient of friction in dry contact for all material pairs 

 

Figure 10 shows the comparison of coefficient of friction for all combinations of 

materials in dry contact. It is clearly shown on the graph that the lowest coefficient of 

friction among all various combinations has the material pair between UHMWPE and 

PEEK for both 3% and 30% slip-roll ratio. The second best pair among polymer-polymer 

material is between PEEK and HDPE. However, PEEK-PEEK showed better performance 

in comparison to UHMWPE-HDPE, which shows that cohesion between PEEK-PEEK 

material pair is lower than adhesion between UHMWPE-HDPE. 

On the other hand the coefficient of friction between steel-polymer pairs is lower than 

coefficient of friction between the same polymer pairs in contact as a consequence of 

stronger cohesion when polymer material is in contact with itself then adhesion forces 

between polymer-steel material pairs. However, the lowest coefficient was achieved 

between mixed polymer material pairs since surface energy between them was the 

lowest as well. Anyway, considering just steel-polymer materials in contact, the lowest 

friction was obtained with steel-UHMWPE pair, but steel-PEEK material pair shows very 

similar values.  

4.1.2 TEMPERATURE  
The temperature measurements for all tested materials are displayed in the Figure 11. 

Each bar represents the average value of three test runs.  Individual temperature curves 

over three test runs for each material and each condition are presented in the Appendix 

A.  
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Figure 11: Comparison of temperature in dry contact for all material pairs 
 

It can be seen from the graph, that the temperature for all material combinations is 

higher at 30% slip-roll ratio.  Furthermore the temperature at 30% slip-roll ratio is less 

stable than in case of 3% slip-roll ratio. It was expected that the temperature will be 

lower in case of steel-polymer contact, since steel is better thermal conductor. This is the 

case for steel-HDPE and steel-UHMWPE material pairs, but steel-PEEK material pair 

achieved quite high temperature at 30% slip-roll ratio even in comparison to other 

polymer-polymer material pairs, which could be the result of higher coefficient of 

friction and consequently more frictional heating. However, the highest temperature for 

both conditions 3% and 30% slip-roll ratios was measured in case of UHMWPE-HDPE 

and PEEK-HDPE material pairs. In all three examples the high temperature is the 

consequence of higher coefficient of friction, which caused more frictional heating. 

Further on certain trend can be observed when comparing the temperature results with 

the results of coefficient of friction. In majority of cases the temperature at 3% slip-roll 

ratio is lower than in case of 30% slip-roll ratio, while the coefficient of friction at 3% 

slip-roll ratio is higher than in case of 30% slip-roll ratio, which could be explained by  

the theory that adhesion forces have major impact on coefficient of friction [29]. The 

exceptions in this behaviour are the material pairs of UHMWPE- HDPE, steel- HDPE and 

steel- UHMWPE, where with high coefficient of friction comes also high temperature as 

result of frictional heating. 

 
4.1.3 WEAR  
Figure 12 shows the weight changes of polymer specimens which were in contact with 

steel specimens. Each bar represents the average value of three test runs.  
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Figure 12: Wear of steel/polymer material pairs in dry contact 
 

The results show that the best performance was obtained with steel-UHMWPE material 

pair. There is no variation in weight even though the comparison is made between 3% 

and 30% slip-roll ratio, which is the consequence of abrasive resistance of this material. 

However, the slip-roll ratio has greater influence on the other two material pairs, steel-

PEEK and steel-HDPE. The weight loss for both of them is much higher in case of 30 % 

slip-roll ratio.  

Figure 13 displays the weight variations between PEEK-PEEK material pair for both 3% 

and 30% slip-roll ratios. Each bar represents the average of three test runs.   

 

Figure 13: Wear of PEEK - PEEK material pair in dry contact 
 

It can be seen from the graph that the driving disc has always higher change in weight 

than driven disc, because driving disc was rotating at higher speed and therefore came 
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in contact with driven disc more often. In case of driving disc it also differs from gaining 

the weight at 3% slip-roll ratio to losing the weight at 30% slip-roll ratio, while the 

driven disc always gains the weight. However, the difference is that driving disc has 

higher variation in weight at 3% slip-roll ratio, while the driven disc gained more weight 

at 30% slip-roll ratio. 

Comparison of weight alteration for UHMWPE-UHMWPE material pair for both 3% and 

30 % slip-roll ratios is presented on the Figure 14. Each bar on the graph represents the 

average values of three repetitions per test.  

 

 

Figure 14: Wear of UHMWPE - UHMWPE material pair in dry contact 
 

In the case of UHMWPE-UHMWPE material pair there is almost no difference in weight 

change between driven and driving disc when testing 3% slip-roll ratio. However, the 

weight change when testing at 30% slip-roll ratio is much higher. Again the driving disc 

which rotated at higher speed has higher weight loss. 

Figure 15 shows the weight changes for HDPE-HDPE material pair for both 3% and 30% 

slip-roll ratios. Each bar is the result of three test runs and represents the average value.  
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Figure 15: Wear of HDPE- HDPE material pair in dry contact 

 

In the case of HDPE-HDPE material pair, higher variation of weight was observed when 

testing at 30% slip-roll ratio than at 3% slip-roll ratio. The change in weight is in both 

cases minor for driving disc, but for the test with 3% slip-roll ratio the disc was gaining 

weight, while at 30% slip-roll ratio it was losing weight. The driven disc was losing 

weight regardless of the test conditions. 

Comparison of weight modifications measured between all possible combinations of 

different polymer materials are shown in Figure 16. Each bar represents the average 

value of three test runs.  

 

Figure 16: Wear of different polymer materials in dry contact 

 

It was found that the best performance presented the UHMWPE-PEEK material pair as 

in the case of coefficient of friction. The weight changes are at both test conditions 
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minor. In both cases the driving disc lost some weight and the driven one gained. 

However, the change in weight is minor at 30% slip-roll ratio.  

The other two material pairs had higher weight variations, especially at the 30% slip-

roll ratio. In both cases HDPE is losing the most material at 30% slip-roll ratio, when the 

conditions were more severe. HDPE is softer material in comparison to PEEK and in 

comparison to UHMWPE does not have good abrasive resistance, which caused severe 

wear of HDPE at 30% slip-roll ratio when it has been paired with these two materials. 

 

4.2 VARIATION OF SURFACE ROUGHNESS  
No surface can be perfectly smooth. There are always certain deviations of the surface, 

which could be from the range of impurities on atomic scale to deviation in a range of 

production processes [30]. However, these deviations have certain effect on modifying 

friction and wear behaviour, therefore next step in research was introducing the 

influence of surface roughness. The tests were conducted only on materials pairs, which 

presented the best performance under dry contact condition.  

4.2.1 COEFFICIENT OF FRICTION  
4.2.1.1 Steel-UHMWPE 
Figure 17 shows the comparison of coefficients of friction measured between steel and 

UHMWPE with rough or smooth surface roughness, where the slip-roll ratio altered 

from 3% to 30%. Each bar is averaged from three test runs. Individual friction curves 

from each test are presented in the Appendix A.  

 

 

Figure 17: Influence of surface roughness on coefficient of friction of UHMWPE-steel material pair 

 

In a polymer-steel tribological system two mechanisms are acknowledged to contribute 

to the friction forces. First is shearing of the junctions formed by adhesion of the 
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asperities of the two mating surfaces at the contact points, in this case between 

UHMWPE and steel 280 D. Adhesion is higher since rough surface has more asperities in 

contact, which cause larger real contact area and higher shearing of the junction. 

Separation of the two mating surfaces is in need of more energy when there is larger 

real contact area. The second mechanism is so called dissipation of mechanical energy 

due to deformation taking place when the asperities of the harder surface are assumed 

to plough the softer one [31]. Both mechanisms are causing higher coefficient of friction 

when the surface roughness of UHMWPE is rough. This certain trend applies for both, 

3% and 30% slip-roll ratios. Comparing the coefficient of friction between 3% and 30% 

slip-roll ratios, the higher is as expected in case of 30% because adhesion forces are 

higher than in case of 3% slip-roll ratio. Higher frictional heating increased the 

temperature in contact, which caused higher adhesion forces.  

4.2.1.2 UHMWPE-PEEK 
In Figure 18 the comparison of coefficient of friction between UHMWPE and PEEK 

materials is shown with all possible combinations of rough and smooth surface 

roughness in contact.  The slip-roll ratio varied between 3% and 30%. Each bar is 

averaged from three test runs. Individual friction curves of each test are included in the 

Appendix A.  

 

 

Figure 18: Influence of surface roughness on coefficient of friction of UHMWPE-PEEK material pair 
 

The properties of tribological system with hard counterbody could be considerably 

influenced by surface roughness of the counterbody. The combination of smooth 

surfaces of both UHMWPE and PEEK materials for both slip-roll ratios presents the best 

performance of coefficient of friction, where adhesion plays a dominant role since 

counterface PEEK also has smooth surface [32]. Consequently the adhesion forces in this 

case were low. On the other hand, the combination of smooth UHMWPE and rough PEEK 

in contact performed the worst result. This is the result of harder surface ploughing the 
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softer one [31]. The combination of rough UHMWPE and smooth PEEK and combination 

of rough UHMWPE and rough PEEK gave almost the same results, where the first 

combination was formed by adhesion forces, while in the second case the abrasive 

processes prevailed [32]. In all cases the coefficient of friction is higher when the slip-

roll ratio is 30%, which is the result of higher frictional heating.  

 
4.2.2 TEMPERATURE  
4.2.2.1 Steel-UHMWPE 
The temperature measurements for steel and UHMWPE materials are displayed in the 

Figure 19. Each bar represents the average value of three test runs. Individual 

temperature curves over three test runs for each material and each condition are 

presented in Appendix A.  

 

 

Figure 19: Influence of surface roughness on temperature of UHMWPE-steel material pair 

 

Figure 19 shows that the temperature values are almost the same even though the 

surface roughness of UHMWPE varies. In case of rough surface the prevailing 

mechanism was ploughing, while with smooth surface the dominant factor was adhesion 

forces. Both mechanisms caused the same temperature changes with higher 

temperature when the slip-roll ratio was 30%.  

When comparing the temperature results with the coefficient of friction, the influence of 

surface roughness causes just minor variation between results. The trend observed in 

the Figure 17 and Figure 19 is that the smooth UHMWPE obtained lower values for both 

friction and temperature for 3% and 30% slip-roll ratio. 
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4.2.2.2 UHMWPE-PEEK 
 

 

Figure 20: Influence of surface roughness on temperature of UHMWPE-PEEK material pair 

 

Figure 20 shows that lower temperatures were obtained in tests with smooth PEEK 

counterface, while in case when PEEK’s surface is rougher the temperature was higher. 

General idea is that higher temperature is the consequence of frictional heating, which is 

the result of higher friction between the surfaces in contact.  

Comparing the temperatures with the results of coefficient of friction reveals that except 

the rough UHMWPE and smooth PEEK material pair all the rest followed the pattern if 

the coefficient of friction was high also the temperature was high and vice versa.  The 

combination of rough UHMWPE and smooth PEEK was under the influence of 

dissipation of mechanical energy through ploughing, which obviously did not increase 

the temperature, since the temperature in case of 30% slip-roll ratio is even lower than 

in case of 3% slip-roll ratio. 

4.2.3 WEAR   
4.2.3.1 Steel-UHMWPE 
Figure 21 shows the weight changes of UHMWPE with different surface roughness after 

being in contact with steel. Each bar represents the average value of three test runs.  
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Figure 21: Influence of surface roughness on wear of UHMWPE-steel material pair 
 

There is noticeable difference in weight behaviour comparing smooth and rough surface 

of UHMWPE in contact with steel.  Rough UHMWPE gained weight in case of 3% slip-roll 

ratio while with 30% slip-roll ratio it lost almost the same amount of material. On the 

other hand, in case of smooth surface there is almost no difference in gained weight 

irrespective of the slip-roll ratio. Comparison of rough and smooth surface roughness of 

UHMWPE showed that abrasion resistance in case of smooth surface was better and 

consequently weight loss was lower, while rough surface lost more weight but still less 

than it was the loss of weight in both combinations of steel with smooth PEEK and 

smooth HDPE surfaces. 

4.2.3.2 UHMWPE-PEEK  
Figure 22 and Figure 23 show the comparison of weight changes of UHMWPE and PEEK 

materials with different surface roughness in contact.  The rough surface of PEEK 

specimens caused much higher changes in weight of UHMWPE specimens at 30% slip-

roll ratio, which is the reason for showing the results in Part I and Part II.   
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Part I 

 

Figure 22: Influence of surface roughness on wear of UHMWPE-PEEK material pair – Part I 

 

Part II 

 

Figure 23: Influence of surface roughness on wear of UHMWPE-PEEK material pair – Part II 
 

Part I shows that the weight changes of smooth UHMWPE and smooth PEEK, where the 

most noticeable change is seen with smooth PEEK and rough UHMWPE in contact under 

30% slip-roll ratio since PEEK gained the most weight. Furthermore it could be 

observed that PEEK always gained weight, which is the consequence of UHMWPE 

forming the transfer film on counterface. However, since there is more gained weight on 

PEEK that it was lost off UHMWPE the only reasonable explanation would be the 

presence of impurities.  
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Part II shows that smooth UHMWPE in contact with rough PEEK is subjected to higher 

weight losses when tested at 30% slip-roll ratio, because the harder surface was 

ploughing the softer one [31]. On the other hand at 3% slip-roll ratio both materials 

were gaining weight, which also gives the impression of the presence of impurities even 

though all the specimens were pre-cleaned the same way as the rest before. 

 

4.3 ADDITION OF WATER 
Equipments and parts made of metal in aqueous environment are susceptible to 

corrosion. Intricacy like this could be easily eliminated just by using polymer in place of 

steel [33]. However, only a limited numbers of studies were undertaken if tap water is 

added to contact, therefore the behaviour of coefficient of friction and wear of materials, 

which gave the best performance in first two parts of these research, will be observed in 

this final category.  

4.3.1 COEFFICIENT OF FRICTION  
4.3.1.1 Steel-UHMWPE 
Figure 24 reveals the comparison of coefficients of friction in dry contact and with added 

water in the contact. Measurements were conducted between steel and UHMWPE with 

rough or smooth surface roughness in contact, where the slip-roll ratio altered between 

3% and 30%. Each bar is averaged from three test runs. Individual friction curves from 

each test are presented in the Appendix A.  

 

Figure 24: Influence of added water on coefficient of friction of UHMWPE-steel material pair 

 

UHMWPE under aqueous medium lubrication cause that friction induced heat can be 

effectively taken away resulting in low friction, therefore comparison of dry contact and 

the influence of added water in contact, which showed that the coefficient of friction was 

higher when there was water between materials, wasn’t the expected result. However, 

water was added only twice per test in quantity of 25 droplets, which caused sudden 
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decrease of coefficient of friction, but later on it increased again. One of the 

consequences of water presence in contact is no formation of transfer film on the 

counterface observed by Lancaster, which could cause higher friction [14].  

4.3.1.2 UHMWPE-PEEK 
 

 

Figure 25: Influence of added water on coefficient of friction of UHMWPE-PEEK material pair 

 

Figure 25 displays that coefficient of friction is, as in previous case, lower when the 

contact is dry. However, 3% slip-roll ratio caused higher coefficient of friction than 30% 

slip-roll ratio when water was added to contact. Water had to produce a softening to the 

surface layers, which led to reduction in friction. Anyhow, it is believed that after a short 

period the bulk softening of the polymer caused an increase in the area of contact and 

the friction enlarged again [34]. 

4.3.2 TEMPERATURE   
4.3.2.1 Steel-UHMWPE 
The temperature measurements for steel and UHMWPE materials under dry contact and 

with added water to contact are displayed in the Figure 26. Each bar represents the 

average value of three test runs.  Individual temperature curves over three test runs for 

each material and each condition are presented in Appendix A.  
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Figure 26: Influence of added water on temperature on UHMWPE-steel material pair 

 

Figure 26 shows that the temperature values are slightly lower when there is added 

water in contact.  Comparing the temperature and coefficient of friction, the trend is that 

the results from dry contact tests have higher temperature and lower friction, while 

results with added water in contact have lower temperature and higher coefficient of 

friction, which would be the result of no formation of transfer film as stated by Lancaster 

or modification of the surface structure of polymers as observed by Tanaka [14, 35]. 

4.3.2.2 UHMWPE-PEEK 

 

Figure 27: Influence of added water on temperature on UHMWPE-PEEK material pair 

 

Figure 27 shows that polymer material pairs with smooth surface had lower 

temperature when water was added to contact, which means that water behaved or was 
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a coolant. However, in the case of rough UHMWPE and smooth PEEK the temperature 

was higher with presence of water in contact and lower in dry contact, which could be 

the consequence of frictional heating if the transfer film could not form. 

Comparing the temperature and coefficient of friction, the trend of behaviour is alike as 

with UHMWPE-steel material pair.  

4.3.3 WEAR  
4.3.3.1 Steel-UHMWPE 
Figure 28 shows the comparison of weight changes of UHMWPE with different surface 

roughness after being in contact with steel if the contact is dry or there was water added 

to it. Each bar represents the average value of three test runs.  

 

Figure 28: Influence of added water on wear of UHMWPE-steel material pair 

 

Lancaster studied the wear and friction behaviour of unfilled polymers and found out 

that wear was generally greater under water lubrication than under dry conditions. His 

explanation was that counterface could not be modified by transfer film [14]. However 

Tanaka on the other hand found that the amount of transferred polymer in water 

lubrication was similar to that in dry contact, therefore he suggested that the increase in 

wear under water lubrication may be due to a modification of the surface structure of 

polymers by water [35]. Comparing the weight changes between dry contact and added 

water in contact showed that in case of smooth surface there was great increase in wear 

with added water compared to dry condition, while with rough surface there was no 

such trend of behaviour.  

 
4.3.3.2 UHMWPE-PEEK  
Figure 29 and Figure 30 show the comparison of weight changes of UHMWPE and PEEK 

materials with different surface roughness in dry contact and with added water.  The 

difference in weight change between dry contact and added water is better seen if the 

graphs are presented in two parts. Part I represents the weight change of material pairs 



 
   

37 
 

in dry contact, while Part II shows the weight changes of material pairs when water is 

added in contact.  

Part I 

 

Figure 29: Influence of added water on wear of UHMWPE-PEEK material pair 

Part II 

 

Figure 30: Influence of added water on wear of UHMWPE-PEEK material pair 

 

Comparison of weight changes between dry contact and water lubrication shows that 

weight changes are higher when water is added to contact, which agreed with the theory 

of Lancaster and Tanaka about greater wear with water lubrication.   

In Part I, which shows dry contact, the greatest weight change was obtained during 30% 

slip-roll ratio test between rough UHMWPE and smooth PEEK, where smooth PEEK was 
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the one that gained more weight. However, since there was more gained weight on PEEK 

that it was lost off UHMWPE the only reasonable explanation would be the presence of 

impurities.  

In Part II it can be noticed that the greatest loss of material presented UHMWPE under 

30% slip-roll ratio, while PEEK on the other hand displayed much smaller weight loss 

since the harder surface was ploughing the softer one [31].  
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4.4 WYKO MEASUREMENTS  
The specimen surface was measured before and after the test to observe the changes of 

the surface topography. Average roughness or Ra was measured to determine the 

degree of change experienced by the surface on both specimens in contact through the 

test. 

4.4.1 DRY CONTACT 
Figure 31, Figure 32 and Figure 33 show the comparison of surfaces obtained before and 

after the test in dry contact. Comparison is also made among different material 

combinations to observe the possible influences of those.  

Material:  UHMWPE Counter surface: STEEL 30% slip-roll ratio 

BEFORE:     Ra=1, 66 µm 

 

AFTER:   Ra=1, 32 µm 

 

Figure 31: Topography of UHMWPE with steel counter surface in dry contact at 30% slip-roll ratio 
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Figure 31 reveals that surface roughness of UHMWPE even at 30% slip roll ratio does 

not subjected to dramatic changes, which is the result of high abrasion resistance of this 

particular material. 

Material:  HDPE Counter surface: UHMWPE 3% slip-roll ratio 

 

BEFORE:   Ra=5, 99 µm 

 

 

AFTER:  Ra=5, 59 µm 

 

Figure 32: Topography of HDPE with UHMWPE counter surface in dry contact at 3% slip-roll ratio 
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Material: UHMWPE Counter surface: PEEK 3% slip-roll ratio 

 

BEFORE:   Ra=6, 84 µm 

 

AFTER:   Ra=4, 25 µm 

 

Figure 33: Topography of UHMWPE with PEEK counter surface in dry contact at 3% slip-roll ratio 

  

Figure 32 and Figure 33 were obtained under 3% slip-roll ration, but in comparison to 

Figure 31, the first two topographies had another polymer material for a counter 

surface. The highest change in average surface roughness was observed in the material 

pair between PEEK and UHMWPE. PEEK has the highest hardness among tested 

polymers, which is the reason to be the damaging the surface of UHMWPE specimens 

and not vice versa. However in this case the key impact was abrasive resistance of 

UHMWPE, which protected its surface from severe damages. 

Combination of HDPE and UHMWPE materials did not show as very good. The average 

surface roughness did not show major changes, but the wear flakes stick to the surface 
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of both specimens as a consequence of low thermal properties, which make these two 

materials liable to softening under dry sliding contact where there is a presence of a 

large amount of friction induced heat [36]. 

4.4.2 VARIATION OF SURFACE ROUGHNESS 
The following step in research was introducing the impact of rougher surface on the 

materials, which gave the best performance in dry contact.  

Material: smooth UHMWPE Counter surface: rough PEEK 3% slip-roll ratio 

 

BEFORE:  Ra=2, 71 µm 

 

AFTER:  Ra=2, 89 µm 

 

Figure 34: Topography changes of smooth UHMWPE with counter surface of rough PEEK at 3% slip-roll ratio 

 

Comparison between Figure 33 and Figure 34 reveals that the average surface roughness 

of UHMWPE increased when the counter surface was rough PEEK, while with smooth 
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PEEK it decreased. The reason is in more aggressive ploughing of harder counterface, in 

this case PEEK, when it had rough surface than with smooth one.  

Material: smooth UHMWPE Counter surface: rough PEEK 30% slip-roll ratio 

 

BEFORE:  Ra=2, 69 µm 

 

AFTER:  Ra=4, 60 µm 

 

Figure 35: Topography changes of UHMWPE with steel counter surface at 30% slip-roll ratio 

                                   

The results on Figure 35 were obtained with 30% slip-roll ratio, while on Figure 34 with 

3% slip-roll ratio. The increase in average surface roughness of UHMWPE was higher 

under more severe conditions, since the harder surface ploughed into softer even more 

intense due to softening of UHMWPE in dry sliding contact as a consequence of higher 

frictional heating. 
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4.4.3 ADDITION OF WATER  
The last condition was added tap water to the materials, which presented the best 

results in the first two parts of research. 

Material: smooth UHMWPE Counter surface: STEEL 30% slip-roll ratio 

 

BEFORE: Ra=2, 34 µm 

 

AFTER: Ra=3, 17 µm 

 

Figure 36: Influence of added water on topography changes of rough UHMWPE with steel counter surface at 

30% slip-roll ratio 

 

Comparison of Figure 31 and Figure 36 show that average surface roughness increased 

when water was added to contact, while in dry contact the same parameter was 

decreasing.  The reason is in higher wear rate in water lubrication due to modification of 
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the surface structure of UHMWPE by water or no transfer film formation on steel 

surface.   

Material: smooth UHMWPE Counter surface: smooth PEEK 3% slip-roll ratio 

 

BEFORE: Ra=2, 84 µm 

 

AFTER:  Ra=1, 47 µm 

 

Figure 37: Influence of added water on topography changes of smooth UHMWPE with counter surface of 

smooth PEEK at 3% slip-roll ratio 

 

In comparison to Figure 36 the results from Figure 37 show that the average surface 

roughness of UHMWPE in water lubrication is decreasing when the counter surface is 

made of PEEK. Average surface roughness of UHMWPE was also decreasing when the 

tests were obtain under dry contact, while in contrary with steel counter surface 

average surface roughness of UHMWPE with added water to contact was increasing. 
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In both conditions, dry contact and water lubrication, the counter face was smooth 

PEEK. Abrasion resistance kept the surface from serious damages, while in case with 

steel counterface the transfer film could not be formed, therefore the topography 

changes were more severe [14].  

 

4.5 SEM INVESTIGATION OF SURFACE 
Further investigation of specimen surface was conducted utilizing a scanning electron 

microscope, which revealed unique tribological characteristics of polymer and steel 

materials under rolling-sliding motion. 

SEM evaluation of PEEK material is shown in the Figure 38. The test was run under 3% 

slip-roll ratio, while the counter surface in this test was steel material. A closer 

examination of PEEK specimen showed presence of steel particles, however further 

research should be carried out to explain how a relatively soft polymer resulted in wear 

of steel, which is much harder material. 

 

 

Figure 38: SEM of PEEK specimen with steel particles obtained from test in dry contact 

 

 

Figure 39: SEM of PEEK specimen for EDS 

 

Figure 39 shows the small area on PEEK’s specimen surface, which was studied in more 

detail.  
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Figure 40 shows its compositional analysis, which was carried out using Energy 

Dispersive Spectroscopy or EDS. 

 

 

Figure 40: EDS of PEEK specimen obtained from test in dry contact 

 

Figure 41 reveals adhesion of the HDPE wear debris on the surface of HDPE specimen as 

a consequence of contact pressure between two discs. Since the wear flakes weren’t 

completely removed from surface of specimen, next time when they were exposed to the 

contact pressure between the discs it glued them to the origin surface of HDPE 

specimen. 

 

              

Figure 41: Adhesion of HDPE material on HDPE specimen after being in contact with steel material 

 

Investigation of steel surface of Figure 42 revealed adhesion of the polymer material.  

Adhesion of polymer material was the largest in case of UHMWPE material, but it also 

occurred with HDPE. However, the adhesion of both polymer materials was present only 

at 30% slip-roll ratio in dry contact. 
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Figure 42: Adhesion of UHMWPE on steel surface in dry contact under 30% slip-roll ratio 

 

Figure 43 shows the surface of smooth UHMWPE specimen, which counter surface was 

PEEK material. In comparison to the test conducted in dry contact this one had added 

water. Water caused higher coefficient of friction and also higher wear rate, while SEM 

analysis revealed crack in the surface. In dry contact such damages were not observed. 

 

            

Figure 43: Crack in the surface of smooth UHMWPE specimen during the test with added water 

 

Figure 44 shows surface of rough UHMWPE specimen, which was tested with steel 

counter surface. Test was conducted with added water to contact, which also caused 

corrosion of steel specimen. The analysis of the UHMWPE surface showed the traces of 

oxygen, which led to assumption that this could be the transfer of iron oxide film from 

steel surface to polymer as on Figure 38, however in this case the metal was not present.   
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            75µm                                                                                    150µm 

Figure 44: Topography and wear debris obtained from rough UHMWPE specimen with added water during 

the test 
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5. CONCLUSION 
The selected polymer materials, which were used for the research of polymeric gears in 

household appliances, were tested in three different categories: dry contact, the 

influence of surface roughness and addition of tap water to the contact. The main aspect 

of the study was to compare polymer-steel and polymer-polymer material pairs. The 

summary of obtained results provided the following findings: 

 

o PEEK was proven to withstand severe surface damages, except under high slip-
roll ratio and when it was in contact with the same material, which caused 
discoloration on the surface.   

 

o Abrasive resistance of UHMWPE showed to be the key material property, which 
made this material better than others regarding wear and friction behaviour. 
 

o The introduction of higher roughness in the tests showed its affects on the results 
in polymer-polymer pairs only when it appeared on PEEK material, while 
changing the surface roughness of the softer UHMWPE material had no clear 
impact on the results. 

 
 

o Coefficient of friction was increased regardless of material pair when tap water 
was added to contact. 
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6. FUTURE WORK 
Further investigation of tribological behaviour of polymer gears should first focus on the 

reduction of vibrations during the tests since friction process is strongly influenced by 

the vibrations, which can cause significant changes in the process. In this research the 

vibrations which occurred during the test had a great impact on the results. Friction 

characteristics should be different, if there were fewer vibrations. The key point is to get 

the specimens as perfectly rounded as possible. One way of solving the problem is with 

polishing of specimens, while second option is to change the way the specimens were 

mounted on each shaft, which could decrease the stresses in polymer material. 

Furthermore, the results in this research were obtained on simplified geometry of 

specimens. It would be recommended to obtain the tribological behaviour of chosen 

materials on proper gears and see the deviations or differences in comparison to 

obtained results on twin disc.  
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APPENDIX A 

COEFFICIENT OF FRICTION 
 

Steel/HDPE 
 
3% - slip-roll ratio 30% - slip-roll ratio 

  
 

Steel/PEEK 
 
3% - slip-roll ratio 30% - slip-roll ratio 

 
 

Steel/UHMWPE 
 
3% - slip-roll ratio 30% - slip-roll ratio 
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UHMWPE/HDPE 
 

3% - slip-roll ratio 30% - slip-roll ratio 

   
 
 

PEEK/HDPE 
  

3% - slip-roll ratio 30% - slip-roll ratio 

           
 
 

UHMWPE/PEEK 
 

3% - slip-roll ratio 30% - slip-roll ratio 
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HDPE/HDPE 

 
3% - slip-roll ratio 30% - slip-roll ratio 

  
 

PEEK/PEEK 
 

3% - slip-roll ratio 30% - slip-roll ratio 
 

 
 

UHMWPE/UHMWPE 
 

3% - slip-roll ratio 30% - slip-roll ratio 
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        TEMPERATURE  
 

Steel/HDPE 
 

3% - slip-roll ratio 30% - slip-roll ratio 

 
 

Steel/PEEK 
  

3% - slip-roll ratio 30% - slip-roll ratio 
 

          
 

Steel/UHMWPE 
 
3% - slip-roll ratio 30% - slip-roll ratio 
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UHMWPE/HDPE 
  

3% - slip-roll ratio 30% - slip-roll ratio 

 
 

PEEK/HDPE 
  

3% - slip-roll ratio 30% - slip-roll ratio 

 
 

UHMWPE/PEEK 
 

3% - slip-roll ratio 30% - slip-roll ratio 
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HDPE/HDPE 

 
3% - slip-roll ratio 30% - slip-roll ratio 

           
 

PEEK/PEEK 
 

3% - slip-roll ratio 30% - slip-roll ratio 

 
 

 
UHMWPE/UHMWPE 

 
3% - slip-roll ratio 30% - slip-roll ratio 
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2. Variation of surface roughness 
 
COEFFICIENT OF FRICTION 
 

Steel/Rough UHMWPE 
 

3% - slip-roll ratio 30% - slip-roll ratio 
 

     
 

 

Steel/Smooth UHMWPE 
 

3% - slip-roll ratio 30% - slip-roll ratio 
        

            
 Results taken from the first part 

 

Smooth UHMWPE/Smooth PEEK 
 

3% - slip-roll ratio 30% - slip-roll ratio 
     

   
 Results taken from the first part 
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 Rough UHMWPE/Smooth PEEK 
 

3% - slip-roll ratio 30% - slip-roll ratio 
 

           
 

                  

Smooth UHMWPE/Rough PEEK 
 

3% - slip-roll ratio 30% - slip-roll ratio 
 

      
 

 

Rough UHMWPE/Rough PEEK 
 

3% - slip-roll ratio 30% - slip-roll ratio 
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         TEMPERATURE  
 

Steel/Rough UHMWPE 
 

3% - slip-roll ratio 30% - slip-roll ratio 
 

        
 

Steel/Smooth UHMWPE 
 

3% - slip-roll ratio 30% - slip-roll ratio 
 

   
 

 Results taken from the first part 
 

Smooth UHMWPE/Smooth PEEK 
 

3% - slip-roll ratio 30% - slip-roll ratio 
 

         
 

 Results taken from the first part 
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Rough UHMWPE/Smooth PEEK 
 

3% - slip-roll ratio 30% - slip-roll ratio 
 

               
 

                   

Smooth UHMWPE/Rough PEEK 
 

3% - slip-roll ratio 30% - slip-roll ratio 
 

           
 

 

Rough UHMWPE/Rough PEEK 
 

3% - slip-roll ratio 30% - slip-roll ratio 
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3. Addition of water                  
 
COEFFICIENT OF FRICTION 
 

Steel/Rough UHMWPE 
 

3% - slip-roll ratio 30% - slip-roll ratio 
 

      
 
 

Steel/Smooth UHMWPE 
 

3% - slip-roll ratio 30% - slip-roll ratio 
 

                                          
 
 

Smooth UHMWPE/Smooth PEEK 
 

3% - slip-roll ratio 30% - slip-roll ratio 
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Rough UHMWPE/Smooth PEEK 
 

3% - slip-roll ratio 30% - slip-roll ratio 
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TEMPERATURE  
 

Steel/Rough UHMWPE 
 

3% - slip-roll ratio 30% - slip-roll ratio 
 

        
 

 

Steel/Smooth UHMWPE 
 

3% - slip-roll ratio 30% - slip-roll ratio 
 

       
 

 

Smooth UHMWPE/Smooth PEEK 
 

3% - slip-roll ratio 30% - slip-roll ratio 
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Rough UHMWPE/Smooth PEEK 
 

3% - slip-roll ratio 30% - slip-roll ratio 
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APPENDIX B  

 


