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ABSTRACT: This paper describes a study that studied the tribological behaviour of poly-ether-ether-ketone 

(PEEK) and composites polyether ether ketone carbon fibre 30% (PEEK CA30%) against AISI 52100 STEEL 

under non-lubrication and marginal lubrication conditions. The wear mechanisms and friction coefficient of 

PEEK and PEEK CA30% were tests under reciprocating sliding conditions with deionised Water, Ethylene 

Glycol, Silicone and base SN100 oil. Tribological measurements were performed with a pine on plate 

configuration on the tribometer high frequency (TE77). To examine the surface topography and wear 

mechanisms, an optical 3D micro-coordinate measurement microscope with Alicona G5 was used. Results 

explain how the lubrication affects tribological performance. The friction coefficient of PEEK450 was reduced 

with silicone lubricant, to 50% more than the SN100 oil lubricant, Whilst wear resistance for silicone and 

SN100 oil was similar, although wear resistance of the EEKP CA30% was the comparable for silicone and 

SN100 oil, in the silicone was the best lubricant. Results also discuss wear growth through the period, and 

surface morphology effects. 
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INTRODUCTION 

PEEK is a high performance semi-crystalline thermoplastic polymer that has received significant attention in 

recent years. The interested in these materials is due to its high mechanical strength and elastic modulus, high 

melting temperature, chemical inertness, high toughness and wears resistance relative to other engineering 

thermoplastics [1]. Several studies were carried out dealing the wear resistance of PEEK and PEEK composites 

under different contact condition. Xianqiang Peia and Klaus Friedrich, introduced a comparison between the 

wear performance of PEEK (polyetheretherketone), PBI (polybenzimidazole) and two grades of PPP 

(polyparaphenylene) under different pv factors [2]. Considering the ware performance of PEEK is a reference, 

they found that the wear rate of   PBI was lower than that of PEEK while the wear rate of   PPPs was larger than 

that of PEEK. On the other hand, the PPPs have a very high mechanical stability at room temperature. While, 

the PBI has high heat resistance and mechanical property retention under high temperatures. 

Hosseini et. al. fabricated PEEK hybrid composites reinforced by adding (20vol%) carbon fibres (SCF) and 

nano-SiO2 particles with different weight fraction (1,1.5and 2 wt%) in the surface in order to study the 

tribological performances and wear mechanisms [3]. They carried out the micro-hardness tests to explain the 

effect of nano-SiO2 particles.  They used pin-on-disk configuration to investigate the tribological properties 

under a different value of normal pressure (2,3.75,6.25 and 10) MP. The conditions of all tests were dry sliding, 

room temperature and sliding velocity = 0.25m/s. Using scanning electron microscopy (SEM), they studied the 

wear mechanism of the worn surface of the composites under different tribological conditions. They concluded 

that the nano- SiO2 particles reduced the coefficients of friction for all tribological conditions and thewear 

resistance enhancement is stronglly dependent on the normal or applied pressure. 

Avanzini et. al. studied the wear and fatigue resulting from rolling contact for unfilled and composites PEEK 

materials under different values of contact pressure [4]. They depended on material hardness to get on wear rate 

–pv and pressure-life diagrams. They used Microscopic observations at two different scales to study the damage
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in specimens. They found that the delamination and spalling phenomena were occurred in composite PEEK 

specimens and micro-pitting and deep transversal cracks appeared in unfilled PEEK specimens.  Kalin et. al. 

investigated the effect of  adding different solid lubricant nanoparticles (WS2 fullerene-like (WS2F), WS2 

needle-like (WS2N), carbon nanotubes (CNT) and graphene nano-powder (GNP)) on the tribological properties 

PEEK matrix using tribological tests  with dry-sliding condition [5]. They found that the material and the 

morphology of the nanoparticles have a crucial effect on both the wear and the coefficient of friction. The wear 

rate of WS2-PEEK composite and WS2N-PEEK composite were enhanced about (10%) and (60%) respectively. 

While the carbon- nanotube reduced the wear behavior by 20% and as much as three times in the case of the 

graphene nano-powder. 

Leyu Lin et. al. used unidirectional pin-on-flat and pin-on-disc configurations to investigate the wear and 

friction coefficient of PEEK dry sliding condition when the range of pv was (0.001-8) MPa m/s [6]. In the  pin-

on-disc tests, the steady state friction coefficient was slightly decreased when the sliding velocity increased from 

(0.1 to 1) m/s and the friction coefficient increased when the sliding velocity increased to (4 m/s). If the sliding 

velocity increases, the wear rate of PEEK increases in pin-on-disc tests. Ziwei Guan et. al. used the carbon fiber 

(CF) and PEEK matrix to study the influence of high hydrostatic pressure on tribological characteristics of 

composite against stainless steel (431SS) [7]. They used a range of hydrostatic pressure (0-80) MPa with step 

(20MPa) to model the environmental pressure of the deep ocean. They found that the average coefficient of 

friction reduces when the hydrostatic pressure increases. Also, when the hydrostatic pressure increases, the 

friction and wear mechanism of composite transfers from adhesive to fatigue wear while the main wear 

mechanism of 431SS is abrasive wear. The roughness of sliding surface of composite after test decreases with 

increasing the hydrostatic pressure while the crystallinity decreases linearly with hydrostatic pressure. Finally, 

the pair CF/PEEK composite -stainless steel can be used under the hydrostatic pressure up to 80 MPa. 

Liquid lubricants are generally used to decrease the friction and wear between the mechanical components. 

PEEK an effective bearing material, especially under a water environment [8]. The motivation to use water as a 

lubricant is driven by environmental and economic reasons but there are several potential problems that can 

arise when used with polymeric materials. These include water absorption, causing swelling, and polymer 

plasticization of the surfaces that can influence wear and friction.  Fluids like water, sea water, and additional 

aqueous solutions can also impede the polymeric transfer films formation on counter-faces, and wear rates have 

been greater than those obtained in dry conditions [8-10]. The friction coefficient can, usually, be reduced, and 

the wear resistance can be improved by choosing the right combinations of material [1]. Yamamoto and 

Hashimoto found that the decreased surface hardness increased PEEK wear in water [11]. This was significantly 

reduced when carbon fibre and class fibre were added to a PEEK matrix at dry sliding condition and water 

lubrication. Jia, et al. showed that, the wear resistance of PEEK CA30% improved by carbon fibres and PTFE 

under water lubrication was much better than that under dry sliding, due to the aqueous medium 's boundary and 

cooling lubricating effects [12]. 

Chen, et al., investigated polymers sliding against GCr15 steel and found that the wear rate and coefficient of 

friction of PEEK, when the seawater lubrication is used,  was greater than that  used pure water lubrication 

[13,14]. It was found that the tribological characteristics of the friction pairs composed of steels and composite 

(PEEK CA30%) were not only affected by PEEK mixing additives but were closely interconnected to the 

lubricating conditions and counterpart materials. Bartenev and Lavrentev have been investigated various 

lubricants (water, Glycerol and Ethylene glycol) and provided form data on effects the lubrication on friction 

coefficients are self-mated nylon and steel sliding on nylon, lubrication tends to reduce the friction coefficient 

for the steel counter face [15].   

Where Ethylene glycol is a chemical widely used in commercial applications and several industrial including 

coolant and antifreeze. Ethylene glycol avoid engine freezing of your car's from in the winter and acts as a 

coolant to reduce overheating in the summer [16, 17]. Jinjin Li1, et al. showed ethylene glycol could be decline 

the friction stress to achieve super lubricity by order of magnitude if hydrogen ions are bound to the friction 

surfaces [16]. An ultra-low ethylene glycol friction coefficient between Si3N4 and SiO2 can be obtained with 

the help of hydrogen ions. Experimental findings show that the hydrogen ions adsorbed on the friction surfaces 
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forming a hydration layer and the ethylene glycol forming an elastohydro dynamic film in the contact area are 

the two indispensable factors for minimizing friction stress. The super lubricity mechanism is due to the extreme 

low shear strength of elastohydro dynamic film formation on the hydration sheet. This discovery could 

introduce a new approach to reducing the liquid friction coefficient by adding hydrogen ions to friction surfaces 

[16]. 

Silicone oil lubricants can be recycled easily and are made up of relatively non-hazardous chemicals. In 

addition, silicone oil lubricants are popular for their thermally stable properties [18,19]. Eiss Jr. , et al. The 

effects on static and kinetic friction of normal load, , silicone oil, sliding velocity content and surface roughness 

of Acrylonitrile-Butadiene-Styrene (ABS) polymer were studied in dry sliding pin-on-disk apparatus [18]. The 

results suggested that stick-slip happened on smooth surfaces, at high loads for materials which had a negatively 

sloped friction-velocity curve at low velocities, and a positive slope at high velocities. The polymers containing 

silicone oil had lower friction values and higher normal loads were needed to cause frictional instability.  Yoo 

and Kim, have a comparatively high flash point temperature and a high auto-ignition point temperature Friction 

tests were performed using silicone oil as the lubricant for EOS PEEK HP3 and PEEK specimens [19]. In the 

present work, also used silicone oil to study its effectiveness in the PEEK and PEEK CA30% lubrication, the 

purpose was to assess the reduction in friction coefficient and wear mechanism, this paper describes the 

different forms of lubrication (Deionised water, Ethylene Glycol, silicone and base SN100 oil,), including 

nonlubricated and how they function of PEEK and PEEK CA30% wear mechanisms in sliding configuration. 

EXPERIMENTAL SETUP  

Material 

PEEK (PEEK 450 supplied by Direct Plastics, Sheffield, UK) and PEEK450 CA30%, supplied by (Victrex, 

Lancs, UK) were run against AISI 52100 STEEL. The PEEK and PEEK CA30% lower specimen samples were 

machined to 4 mm thick plates. The upper samples were balls (6 mm diameter) from AISI 52100 bearing steel.  

Table1 presents the nominal mechanical properties of the selected materials. Tribological tests were conducted 

with 15 ml lubricant and dry. Four types of lubricant were used in this work Water, Ethylene Glycol (SIGMA-

ALDRICH), Silicone (WACKER® AK 1000), and base Oil (SN 100), Table 2 showed the properties of the 

lubricant. 

Table 1. Mechanical properties of the PEEK and PEEK CA30% and AISI52100 steel [1, 20, 21]. 

Material Young modulus (GPa) Tensile strength (MPa) Poisson's ratio 

PEEK 4.2 116 0.4 

PEEK CA30% 11 265 o.37 

AISI 52100 210 2240 0.3 

Table 2. The properties of the lubricant 

Property Water [15] Ethylene Glycol [15] Oil SN100 [22] Silicone [23] 

Dynamic Viscosity 0.954 mPa.s 16.2 mPa.s 95-99 mPa.s 950 – 1000 mPa.s  

Tribological test 

TE77 high frequency tribometer (Pheonix Tribology, Berks, UK) was used with sliding tests configuration 

linear reciprocating movement metal pin-on-polymer plate. Figure 1 illustrates the graphic representation of the 

tribos-system, under contact pressure 39 MPa, tests were implemented at room temperature (21–23 °C). Each 

test had a 2 h duration and frequency 2 Hz and a length stroke 10 mm. The surface roughness of PEEK  and 

PEEK CA 30% plates  were  (0.3 and 0.15) µm  respectively  and  the surface roughness of metal pin was (0.2 

µm) [24]. These conditions were chosen so as to minimize Hydrodynamic effects and to enable characterization 

of the tribo-logical behaviour of the materials in boundary/mixed lubrication regime [25]. The results were 

averaged from the three test runs. 
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Figure 1. Configurations pin-on-plate of TE77 tester 

Characterization of surface morphology  

Wear morphology and topographical characteristics were observed and measured after tribological testing.  

Surface topography was measured at 10× magnification using an Alicona G5 Infinite Focus (Alicona, Raaba, 

Austria).  Test samples were scanner three times, and the mean surface roughness and wear volume was 

calculated.  The worn surfaces were also observed using scanning electron microscopy (JOEL 6060 SEM). The 

wear volume was measured by scale weights the samples before the test and after, in addition to determine the 

volume of the wear of track by Alicona scan the area surface.   

RESULTS AND DISCUSSION  

Figures (2-a and 2-b) show the friction coefficients of unfilled PEEK and PEEK CA30% composite with sliding 

contact and marginal lubrication conditions. The average results obtained steel ball running against PEEK and 

PEEK CA30% plate counterface, wherever the friction coefficient of PEEK increased rapidly to a value of about 

0.33, while it was very elucidate the influence of the fibre on the properties of PEEK CA30% reduced the 

coefficient of friction to 0.27 under the same pressure contact.  Generally, Figures (2-a and 2-b) show the 

friction coefficient for PEEK and PEEK CA30%  are lower under water lubricated condition than nonlubricated 

and the friction coefficients of PEEK CA30% composite is lower than friction coefficients for PEEK under dry 

and lubricated  (using water as a lubricant) conditions. 

Normally, the lubricants are used to decrease the coefficient of friction.  When the water lubricant was used,   

the coefficient of friction was larger comparing with the other lubricants and, the coefficient of friction, when 

the  silicone lubricant was used,  was the smallest one. Where the friction coefficient of SN100 oil and silicone 

oil lubricated are appears similarity curve, that decrease monotonically with time, linearly to about 2 hours, and 

the friction coefficients of PEEK CA30% composite is lower than friction coefficients for PEEK for SN100 oil 

and silicone oil lubricated. When the behaviour of Ethylene Glycol as a lubricated was different than other 

lubricated where the coefficients of friction of PEEK is lower than friction coefficients for PEEK CA30% 

composite. This behaviour is clarified as the frictional heat increased the temperature of the friction non-

lubricated surfaces, which contributes to relaxation of polymer molecule chains. Generally, the coefficients of 

friction for PEEK and PEEK CA30% polymers are lower under oil lubricated environments than under sliding 

nonlubricated. It can be described that oil being a lubricant might function to significantly hinder the friction 

induced thermal effect. 

Lubricant 

Load 

Pin Holder   

 Steel Ball 

  

Plate- polymer 
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Figure 2. Shows the friction coefficient a- PEEK and b-PEEK CA30% of lubricated and nonlubricated. 

Figure 3 shows the comparisons between the steady state time of PEEK & that of PEEK CA30%, under 

nonlubricated and lubricated conditions. The time to reach steady state refers to the situation where the friction 

coefficient was unchanging in time; it is easy to determine the steady state concentration algebraically by 

Newton's Forward method. 

 

Generally, there is no steady state condition for PEEK and PEEK CA30% during all test running distance at 

nonlubricated tests. It was seen that in nonlubricated tests meant adhesion between the surfaces became 

prominent. Adhesion in the contact region, and increased pressure meant increased asperities deformation on the 

surface of polymer, resulting in an increase in the real region of contact, increasing adhesion and thus increasing 

the friction coefficient [1, 26, 27]. For PEEK and PEEK CA30%, the steady-state time of silicone and oil were 

approximately zero. For PEEK, the steady-state time was maximum when the lubricant was water. While the 

steady state time was maximum when the lubricant was Ethylene Glycol for composite (PEEK CA30%).  

 

Figure 3. The steady-state time of friction coefficient for PEEK and composite (PEEK CA30%). 

Figures 4 and 5 show the wear track effect for nonlubricated and lubricated of sliding velocity during the length 

contact and viscosity of oil lubricated for PEEK and PEEK CA30% respectively. The wear mechanism can be 

explained depending on several parameters. These parameters are type of load, type of velocity, minimum film 

thickness of lubricant, and surface roughness. In direct contact between pin and plate, the mechanisms of 

adhesive and cohesive work together in order to explain the wear mechanism in PEEK and PEEK CA30%. 
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Figure 4. The PEEK wear track. 

In lubricated tests, the film lubricant is a factor effected on the friction coefficient. If the thickness of lubricant 

film is small, there is no significant effect on the coefficient of friction (such as water lubricant). But the 

coefficient of friction reduces sharply with growing the thickness of film lubricant. Generally, the viscosity and 

velocity of lubricant in additional to the existence of contamination in lubricant, influence on the thickness of 

film lubricant. Generally, the thickness of film lubricant is minimum at the start position (i.e. time=0) because 

the velocity values in each direction are zero. Therefore, the maximum wear value is found at the start and end 

of stroke while the minimum wear value is found in the mid-point of stroke as shown in Figures (4 and 5). 

 

Figure 5. The Composite (PEEK CA30%) wear track. 

From figures (6), it could be showed the comparison between the wear track of PEEK and PEEK CA30% for 

the tests nonlubricated by Alicona scanner, it could be seen the large wear track for the PEEK in Figures  (6-a, 

6-b and 6-d) and the depth of the wear scar reduced with PEEK CA 30% materials as figures (6-a, 6-c and 6-e). 

Figure (6-b and 6-d) indicate the huge wear mechanism that micro pitting was present on the friction surface of 

PEEK, and roughly scraps appeared on its friction surface due to the low strength of the surface. Furthermore, 

Figure (6-c and 6-e), under the same process of test for PEEK CA 30%, showed a smaller amount of wear 

mechanism where the wear debris noticeable and scraps appeared on the friction surface. Generally, the 

resistance of unfilled PEEK to crack growth smaller than that of PEEK CA 30% composites the material for the 

tests nonlubricated. Figures (7, 8, 9 and 10) offer an indication of the effect of generated lubricant film 

thicknesses for different types of lubrication by the TE77 during a single reciprocating stroke provides an 

example of the lateral wear scar profile the full reciprocating stroke length in the direction of motion. However, 
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the depth and severity of wear was highly dependent on a combination of the lubrication viscosity, the lubricant 

viscosity is high the thickness of film lubricant will be large and vice versa. Due to this fact, the coefficient of 

friction was larger because the viscosity of water lubricant is where it could be seen the large wear track in 

figure (7-a, 7-b, 7-c and 7-e). 

All of the tested samples possessed similar wear characteristics except the behaviour of Ethylene Glycol as a 

lubricated in figures (8-a, 8-b, 8-c , 8-d and 8-e), where the depth of the wear scar of PEEK is lower than friction 

coefficients for PEEK CA30% composite, it is thought that "fibres considered as ‘‘weak points’’ regarding 

nucleation. It has been in fact experimentally demonstrated that the crack growth rate in PEEK composites is 

much less (up to two orders of magnitude in the case of CF30) than that in the neat matrix" [28, 29]. "The 

explanation of this difference is that the micro-fibres oppose crack propagation by dissipating energy in different 

ways (pull-out, fracture and debonding" [10]. The friction coefficient decreases when the viscosity of lubricant 

increases and the ware track is decreases as the oil in figures (9-a, 9-b, 9-c , 9-d and 9-e)and silicone lubricant as 

in figures (10-a, 10-b, 10-c , 10-d and 10-e). When the behaviour of Ethylene Glycol as a lubricated was 

different than other lubricated where the friction coefficients of PEEK is lower than friction coefficients for 

PEEK CA30% composite. For pin–on–plate test, the wear volume of PEEK and PEEK CA30% are listed in 

Table 3 for dry and lubricated (four lubricant types) tests. The minimum value of the wear (i.e. wear volume) 

was found when the silicone lubricant was used. While the maximum value of the wear was found in dry test 

(no lubricant is used). When the silicone is used as lubricant, the wear was the smallest one for PEEK and 

composite (PEEK CA30%) as shown in Figures (7, 8, 9 and 10). 

Table 3. The Volume of Wear. 

Lubricant Type  
PEEK PEEK CA30% 

V.mm3  V. mm3  

Nonlubricated. 1.39  0.40  

Water. 10.7  1.27  

Ethylene Glycol. 0.43  1.27  

SN100 Oil. 0.055  0.051  

Silicone. 0.048  0.042  

 

a- Surface depth comparison between PEEK and PEEK CA30%. 
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b- Alicona micrographs of the surface PEEK 

 

c- Alicona micrographs of the surface PEEK CA30% 

 

d- SEM micrographs of PEEK 
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e- SEM micrographs of the PEEK CA30% 

Figure 6. The compared between the wear track of PEEK and PEEK CA30% nonlubricated 

 

a-Surface depth comparison between PEEK and PEEK CA30%. 

 

b-Alicona micrographs of the surface PEEK 
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c-Alicona micrographs of the surface PEEK CA30% 

 

d- SEM micrographs of the PEEK 

 

e- SEM micrographs of the PEEK CA30% 

Figure 7. The compared between the wear track of PEEK and PEEK CA30% using Water as lubricant. 
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a-Surface depth comparison between PEEK and PEEK CA30%. 

 

a- Alicona micrographs of the surface PEEK 

 

c- Alicona micrographs of the surface PEEK CA30% 
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d- SEM micrographs of the PEEK 

 

b- SEM micrographs of the PEEK CA30% 

Figure 8. The compared between the wear track of PEEK and PEEK CA30% using Ethylene Glycol as 

lubricant 

 

a-Surface depth comparison between PEEK and PEEK CA30%. 
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b- Alicona micrographs of the surface PEEK 

 

c- Alicona micrographs of the surface PEEK CA30% 

 

d-SEM micrographs of the PEEK 
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e- SEM micrographs of the PEEK CA30% 

Figure 9. Shows the compared between the wear track of PEEK and PEEK CA30% using Oil SN100as 

lubricant 

 

a-Surface depth comparison between PEEK and PEEK CA30%. 

 

c- Alicona micrographs of the surface PEEK 

 

d- Alicona micrographs of the surface PEEK CA30% 
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d- SEM micrographs of the PEEK 

 

e- SEM micrographs of the PEEK CA30% 

Figure 10. Shows the compared between the wear track of PEEK and PEEK CA30% using Silicone oil as 

lubricant 

CONCLUSION  

This work investigates the friction and wear mechanism when four lubricants with different viscosities (SN100 

oil, silicone, Ethylene Glycol, and water) were used. Generally, the maximum coefficient of friction was 

appeared in dry sliding test for PEEK material. In Lubricated tests, the coefficients of friction are smaller than   

the coefficients of friction of dry sliding test and the coefficient of friction for silicone lubricant was smaller 

than the other lubricants. While the coefficient of friction, when the water lubricant is used, was the larger one. 

For PEEK material, the coefficient of friction, when the silicone lubricant is used, enhanced about (50%) 

comparing with that of SN100 oil. When the Ethylene Glycol lubricant is used, the coefficient of friction for 

PEEK material enhanced about 64% comparing with that of water. When the silicone lubricant is used, the 

coefficient of friction of PEEK and composite (PEEK CA30%) were equal in pin and disc sliding test. When the 

water and Ethylene Glycol lubricants are used, the coefficient of friction composite (PEEK CA30%) was 

smaller than that PEEK. The steady-state time of oil and silicone lubricants is smaller than that of water and 

Ethylene Glycol lubricants. In other hand, there is a similarity in behavior between the oil lubricant and silicone 

lubricant.  Also, there is a similarity in behaviour between the unlubricated and water lubricant. The maximum 

volume of track was appeared in dry sliding condition (without lubricant) while the minimum volume of track 

was appeared when the silicone lubricant is used for PEEK and composite (PEEK CA30%). 
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