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Abstract 

Wear is among the main factors affecting the performance of artificial couplings in joint arthroplasty. In 

the attempt of investigating the applicability of PEEK and CFR PEEK in such applications, wear behavior of 

three medical grade PEEK formulations (unfilled PEEK, 30% wt. pitch carbon fibre reinforced PEEK and 

30% wt. PAN carbon fibre reinforced PEEK) have been tested under dry and bovine serum lubricated 

conditions in a pin on flat test against Al2O3 1/8” spheres, replicating physiological conditions whereas 

possible. The crystallinity and the resulting mechanical properties of the three selected material were 

differentiated by annealing treatments performed at 200, 250, and 300°C. All the specimens were tested 

under both lubrication regimes.  

The observed coefficient of friction variations, as well as the calculated volumetric wear rate, displayed an 

improved wear behavior of the reinforced formulations in both dry and bovine serum. Correlation among 

the modified material properties by annealing and the wear behavior was possible. The formation of a 

lubricating film was identified as responsible for an improved wear performance of PEEK and CFR PEEK 

formulations. 



 

 

 

 

 

Introduction 

Aging demographics and an increasing demand for an active life until later stages of life is continuously 

challenging the Total Joint Replacement (TJR) market [1]. Current solutions have often demonstrated to 

be subjected to failures and research in the field has been directed towards improving the characteristics 

of artificial replacements [2]. In particular, concerning the large joint applications, wear of Ultra-High-

Molecular-Weight-Polyethylene (UHMWPE) is among the most significant factors affecting the long term 

duration of TJR [3]. 

Research clearly demonstrated that radiation-induced crosslinking can greatly improve UHMWPE wear 

resistance [4], but at the same time the involved chain scission creates active sites for potential oxidation 

of the material [5]. However, despite all the efforts to improve UHMWPE characteristics, including post-

irradiation thermal treatments and anti-oxidant additivation [6, 7], the clinical performance of the newly 

developed formulations is still experiencing issues related to the loss of properties and wear [8]. 

In particular, specific applications such as knee and hip joints, where high conforming couplings and 

equally high applied loads induce a severe mechanical loading on the coupling components [9], it has been 

shown how crosslinked UHMWPE is prone to fracture [10, 11, 12, 13] as a result of its poor fatigue 

resistance, especially in its crossinked formulations as both the generated network of polymer chains and 

the post-irradiation thermal treatments decrease its capacity to withstand cyclic loading [14, 15]. 

As a result, despite the clear improvements in wear resistance, there is still concern in adopting crosslinked 

UHMWPE materials in high demanding applications, particularly in knee arthroplasty [9]. 

Alternative materials have been proposed to replace UHMWPE components for improving wear 

performance, and among those, Poly-Ether-Ether-Ketone (PEEK) and particular formulations of short 

Carbon Fibre Reinforced (CFR) PEEK are vastly studied [16]. 

PEEK is a high performances semicrystalline thermoplastic, whose repeating unit consists in three 

aromatic units connected by ketone and ether groups. Thanks to its chemical structure, PEEK has 

demonstrated superior mechanical properties, in particular to static and fatigue loading, and stability up to 

relatively high temperatures (300°C), as well as resistance to chemical and radiation damage [17]. These 

properties make the use of PEEK very attractive for highly demanding applications such as medical 

devices. 

To date, its applications are mainly confined to spine and trauma devices, but the use of PEEK and its 

composites as a coupling material for joint replacement has been also proposed [18]. 

A large number of studies have been carried out aiming at investigating the wear performance of PEEK 

and its composites: both simplified wear tests and joint simulator studies have been carried out, with a 

great variety of couplings tested: predominantly, pin on flat and knee joint simulations against hard metals 



 

 

(CoCr, Stainless Steels), ceramics (Alumina based), and even PEEK itself [19, 20]. However, the results 

provided are contrasting, either assessing a better, equal, or lower wear performance in comparison to the 

conventional UHMWPE reference [21]. Test conditions such as lubrication, applied load, and wear 

patterns, were greatly varied among those experiments, and might have affected the results to the point 

that there is still debate on whether those material can be successfully applied in large joint applications. 

In fact, although it has been demonstrated that wear rates of CFR PEEK are lower than those of UHMWPE 

and its crosslinked formulations in numerous comparative studies [22, 23, 24, 25, 26, 27, 28], there is 

recent evidence supporting how more severe loading conditions and increased contact pressures can play 

a detrimental role in relation to CFR PEEK wear resistance [9, 29].  

Additionally, debates on the biological response on PEEK and CFR PEEK have been raised. Despite carbon 

fibres are known to have excellent adhesion to the PEEK matrix and thus are unlikely to be responsible for 

the observed phenomena [30], contrasting results on inflammatory response following exposure to PEEK 

and CFR PEEK wear particles were observed [31, 32].  

Therefore, especially in light of their potential to be used to replace UHMWPE in orthopaedic applications, 

there is great interest in better assessing the wear behavior of such materials. 

As reported, a wide range of materials and conditions has already been investigated [22, 23, 24], however 

there are several aspects of PEEK and CFR PEEK that are still unexplored and require further attention.  

As an example, it has been demonstrated that PEEK and CFR PEEK properties vary according to the 

crystallinity percentage and the processing conditions to obtain such materials [33]. 

Poor or little information is present correlating such variations, despite the large amount of papers 

investigating the wear behavior of PEEK and reinforced PEEK materials for a wide range of applications, 

from polymeric coatings for high temperature bearings to aerospace applications [34, 35]. As a result, the 

correlation between material characteristics in terms of crystallinity and mechanical properties and PEEK 

and CFR PEEK wear performance remains largely overlooked. 

The aim of this study is therefore to provide data on the wear performance under two lubrication regimes 

of a range of PEEK and CFR PEEK formulations with different crystallinity and mechanical properties, in an 

attempt to widen the understanding of PEEK and CFR PEEK wear mechanisms. 

By differentiating the material behavior, according to lubrications conditions and material formulation and 

processing, further support to the investigation on the applicability of these materials in total joint 

replacements will be provided. 

 

 

Materials and Methods 

Materials 

Materials were supplied as granules by Invibio (Invibio Ltd, Lancashire, UK). Materials trade names were 

Ni1, Ni1CA30 and Motis- an unfilled PEEK, a 30% wt. PAN carbon fiber and a 30% wt. pitch carbon fibre 



 

 

reinforced PEEK composite, respectively. All materials were biomedical grade formulations with a well-

known history of biocompatibility and biological safety [16, 18]. 

The carbon fibre of Ni1CA30 and Motis are different for mechanical properties and dimensions [36], and 

impart different mechanical properties to the two carbon fibre reinforced PEEK formulations [37]. It was 

also noticed that PAN and pitch carbon fibres differ in diameter, therefore the number of fibres within the 

two different CFR PEEK formulation has been shown to vary, influencing the material crystallization 

behavior and the final mechanical properties [38]. 

Sample preparation consisted of various steps: granules were preheated to 70°C to remove the residual 

moisture, and then injection molded into 250x25x2.5mm specimens. Nozzle temperature was maintained 

at 400°C, higher than the PEEK matrix melting temperature Tm (343°C), to facilitate material flow in the 

mold, which was maintained at 250°C. 

The polymer flow and the friction between the molten material and the mould walls in the injection 

moulding process resulted in fibre dispersion and ultimately in a non uniform directionality of the 

reinforcement phase within the realized samples, with randomly oriented fibres for both PAN and pitch 

formulations as already shown elsewhere [36]. 

The crystallinity of the three PEEK injection molded samples formulations was then differentiated by 

annealing treatments. The chosen annealing temperatures were 200, 250, and 300°C, respectively. 

Specimens were heated up at a constant rate of 5°C/min in a programmable B180 oven (Nabertherm, D), 

held at the chosen temperature for 5h, and then air cooled to 20°C. Further details are reported elsewhere 

[33]. These treatments have shown to significantly differentiate crystallinity and the resulting mechanical 

properties for all the tested formulations [33], imparting microstructural changes that result in an increase 

of the overall polymer crystallinity and in a rise of mechanical properties and Elastic modulus, regardless 

the polymer formulation. An indication on relevant properties and their variation according to the 

annealing temperature for all the material formulations considered is provided in Table I. 

 

Table I. List of the tested specimens and relative properties in function of the annealing conditions [33]. 

Material Annealing T  
[ºC] 

Crystallinity 
[%] 

Flexural peak 
load [N] 

E 
[GPa] 

HV 
hardness 

Unfilled PEEK 
(Ni1) 

0 31.9±0.4 116 5.2±0.3 20.6±3.4 
200 32.8±0.1 121 5.4±0.2 21.3±3.7 
250 35.3±0.4 131 5.5±0.2 22.1±2.5 
300 

 
40.5±0.6 

 
136 

 
5.5±0.1 

 
23.2±1.2 

30% pitch CFR 
PEEK 
(Motis) 

0 31.5±0.1 327 5.8±1.3 28.3±0.6 
200 31.9±0.3 324 5.9±0.7 29.2±0.7 
250 34.9±0.1 354 6.1±0.6 30.8±1.8 
300 

 
39.6±0.3 

 
367 

 
6.5±0.6 

 
32.4±0.4 

30% PAN CFR 
PEEK 

(Ni1CA30) 

0 32.3±0.1 455 5.9±1.2 29.4±1.1 
200 33.7±0.7 462 6.0±0.3 29.5±0.8 
250 36.7±0.5 472 6.2±0.7 31.5±1.4 



 

 

300 42.1±0.5 497 6.7±0.6 33.8±2.2 
 

After annealing, specimens were cut into 30x20mm plates from the injection molded samples. Water jet 

machining was used so as to limit any cutting stress to the material. A complete list of the tested 

specimens is reported in Table II. All samples exhibited the same surface roughness after machining, with 

Ra values ranging from 0.3 to 0.35µm. 

 

Table II. List of the tested specimens and the annealing conditions. 

Material Fibre characteristics [20] Annealing T [ºC] 
 

Sample name 

Unfilled PEEK 
(Ni1) 

Unfilled 

0 Ni1-0 
200 Ni1-200 
250 Ni1-250 
300 

 
Ni1-300 

 

30% pitch CFR 
PEEK 
(Motis) 

Pitch (10±1µm diameter, 
230±13 µm length) 

0 Motis-0 
200 Motis -200 
250 Motis -250 
300 

 
Motis -300 

 

30% PAN CFR 
PEEK 

(Ni1CA30) 

PAN (6±1µm diameter, 
230±23 µm length) 

0 Ni1CA30-0 
200 Ni1CA30-200 
250 Ni1CA30-250 
300 Ni1CA30-300 

 

 

Wear testing 

A CTER UMT-3 tribometer (Bruker, US) in a ball on flat configuration was used to perform the wear tests. 

The counterpart material consisted in an Al2O3 1/8” diameter sphere, as already experimented elsewhere 

[23, 24, 39]. The instrument has been equipped with a 2 axis load cell with a maximum payload of 10N in 

order to acquire the Fx and the Fn load simultaneously. 

Ball-on-flat configuration has been chosen as it has already demonstrated to be a widely accepted method 

for screening and discrimination of wear properties among different materials [40]. Coupling with Al2O3 

was chosen to replicate the well-known joint configuration and according to what already suggested in the 

literature for similar studies [23, 24, 41], since the use of hard metals in large joint couplings have raised 

concerns in terms of metal ions production and release, causing adverse tissue reactions up to, in some 

cases, the components recall [42]. 

Test was carried out at 37±2°C, in both dry conditions and in bovine serum lubrication regime. Bovine 

serum was additivated with 20mM of an EDTA solution (50% in ISO2 pure water), corresponding 

approximately to 7.5g/l, and with 0.2%vol Sodium Azide to prevent protein degradation, as prescribed by 

the reference standards [43]. The effect of bovine serum against dry conditions was evaluated, so as to 



 

 

investigate any potential in vivo scenario that might arise from the physiological ambient in terms of 

lubrication regime. 

Indications from the literature on similar studies reported a broad range of applied loads for similar test 

configurations, with no clear indication on the optimal contact stress to be generated for accurately 

replicate the physiological conditions [44, 45, 46].  

Physiological conditions are considered in wear simulation studies, however test conditions are device 

specific and therefore do not apply for the purpose of this study [47].  

Moreover, in light of the considerations on the influence of the applied load on wear performance on PEEK 

and CFR PEEK [29, 48], it was decided to consider a more demanding test configuration for the performed 

comparisons. 

This is considered to be in line of what already reported in the literature around PEEK and CFR PEEK wear 

under similar premises [39, 49, 50]. 

A 5N load was applied to the Al2O3 pin with a 10N calibrated load cell to induce an elasto-plastic damage of 

the polymer bearing surface, with the aim of obtaining a visible damage in the tested specimens by 

subjecting the material to non elastic conditions, replicating what already observed in orthopaedic joint 

polymer couplings [51, 52] and in similar studies [44, 45, 46]. Stroke length was 22mm (linear) with a 

frequency of 1Hz. Multi-directional sliding was not considered to be a discriminatory test condition given 

the much larger influence of the reinforcements orientation on the wear behavior of the tested materials, 

here randomly dispersed as already indicated [36, 53]. Test duration was initially 2h, for a sliding distance 

of 320m. A total amount of 5 specimens was used for each test configuration, so as to provide statistical 

significance to the obtained results. Some of the tested specimens were then further tested for a total 

time of 24h and a sliding distance of 3.8x106mm, to simulate the long term performance of the selected 

coupling. 

Coefficient of friction (COF), constantly monitored during the test, was determined by considering the 

normal load applied and the measured force for sliding motion between the sample and the Al2O3 

counterpart, as the ratio 

 

COF=Fx/Fn            (1) 

 

Where COF is the coefficient of friction, Fn is the applied load, and Fx the measured sliding force. The data 

acquisition, for the whole test duration, was 2 points/sec. 

The average COF has been calculated as the arithmetic mean between 1800s and 7200s. The 1800s time 

point has been selected because it is when all the specimens finished the initial run in time. Wear rate was 

determined by means of volumetric loss assessment obtained from stylus profilometry (Veeko Dektak 150, 

Veeko HK) measurements [19] after the test end (2h), and every 8h during the long term evaluation. 



 

 

Six profilometer measurements were performed along the perpendicular direction in respect to the wear 

track every 3.2mm throughout the entire length of the damaged area. Profile variations indicated the 

material removal due to the sliding motion between the counterparts, and represented the worn area 

across the examined cross section. Volume loss has been calculated as the product between the average 

worn area, calculated by means of profilometer measurements, and the stroke length. An illustration of 

the measuring method is given in Figure 1. 

 

 

Figure 1. a), profilometry measurement scheme. The profilometry scan directions across the wear track are 

indicated by the arrows; b), recorded profile for the volumetric material loss calculation, as collected. 

 

Wear rate was then calculated as 

 

W= Va/(SxFn)            (2) 

 

where W is the wear rate, Va is the removed material volume, S is the sliding distance and Fn is the applied 

load. 

Scanning electron microscopy was performed with a Zeiss Evo 40 SEM (Zeiss, Oberkochen, D) and was 

used for evaluating the wear track for each tested specimen and also for the debris analysis, giving 

particular emphasis to the presence of naked carbon fibers within the generated debris that might 

enhance the adverse human body response [31, 54]. The SEM analyses have been performed using a 

secondary detector in order to better evidence the wear track morphology. Measurements have been 

carried out in high vacuum conditions. 

At the end of the wear test, stereoscopic evaluation of the counter surface (Olympus SZX 7) has been 

performed as well, to investigate the effect of the sliding motion and assess any presence of marks, 

scratches and other forms of surface damage on the Al2O3 spheres. 

 

 

Results 



 

 

The measured friction coefficient (COF) values as a function of the wear test duration for each tested 

specimen is reported in Figure 2 and in Figure 3, for dry and lubricated (bovine serum) conditions, 

respectively. 

 

Figure 2. friction coefficient trend for Ni1 (a), Motis (b), and Ni1CA30 (c) in dry conditions for the entire 

wear test duration. 

 

 

Figure 3. friction coefficient trend for Ni1 (a), Motis (b), and Ni1CA30 (c) in lubricated conditions (bovine 

serum) for the entire wear test duration; and magnification of Motis (b1) and Ni1CA30 (c1) data.  

 

In dry conditions, COF increases within the first few cycles and reaches a plateau for each material 

considered. The reached value is lower for CFR PEEK when compared to Ni1. 

On the contrary, in lubricated conditions COF differentiated among the three considered materials. In fact, 

while Ni1 unfilled PEEK friction coefficient trend did not vary compared to dry conditions, since it exhibited 

a plateau after the first run-in wear cycles, even if at halved values in respect to dry conditions, for Motis 

and Ni1CA30 CFR PEEK COF was found to raise steadily over time. Moreover, Motis CFR PEEK exhibits a 



 

 

slightly lower friction coefficient than Ni1CA30, which, in addition, showed a more pronounced increase 

with prolonged test durations. Ni1 unfilled PEEK registered the highest COF value among the three 

materials considered in both dry and lubricated conditions. 

Under dry conditions, COF varied slightly according to the annealing treatment considered, from 

0.389±0.010 to 0.356±0.010 for Ni1-0 and Ni1-300, from 0.389±0.010 to 0.286±0.006 for Motis-0 and 

Motis-300, and from 0.291±0.002 to 0.258±0.003 for Ni1CA30-0 and Ni1CA30-300, respectively.  

COF variation in the lubricated regime observed was significantly lower: the measured friction coefficient 

ranged from 0.157±0.003 to 0.164±0.001 for Ni1-0 and Ni1-300, from 0.099±0.002 to 0.096±0.002 for 

Motis-0 and Motis-300, and from 0.100±0.004 to 0.118±0.006 for Ni1CA30-0 and Ni1CA30-300, 

respectively. Figure 4 reports the observed COF variations for all the tested materials as a function of the 

annealing temperature. 

 

 

Figure 4. friction coefficient trend for Ni1, Motis, and Ni1CA30 in dry (a) and lubricated (b) conditions as a 

function of the annealing treatment temperature. 

 

Under dry conditions, the wear rate of Ni1 unfilled PEEK ranged from 9.69±2.21 to 124.67±5.80mm3/Nm 

for the untreated and the 300°C annealed conditions, respectively; while under bovine serum lubrication 

regime, the wear rate decreased to 5.84±1.04 and 7.89±0.70mm3/Nm, respectively. For the CFR PEEK 

instead, wear rate under dry conditions varied from 2.23±0.57 to 6.92±0.96mm3/Nm, and from 1.36±0.59 

to 4.33±0.82mm3/Nm, for Motis and Ni1CA30 materials in untreated and 300°C annealed conditions, 

respectively; while under bovine serum lubrication regime, wear ranged from 2.88±0.33 to 

3.43±0.50mm3/Nm, and from 1.85±0.18 to 4.16±1.00mm3/Nm, respectively. Wear rates of the tested 

configurations are reported in Figure 5. 

 



 

 

 

Figure 5. from left to right: calculated wear values for Ni1, Motis, and Ni1CA30 in dry conditions (a), and 

detailed magnification for Motis and Ni1CA30 (b); and wear values for Ni1, Motis, and Ni1CA30 in 

lubricated conditions (bovine serum, c). 

 

Figure 6 reports the SEM images for each tested material after the wear test performed under dry 

conditions. 

 

 

Figure 6. wear tracks of Ni1, Motis and Ni1CA30 at 0 and 300 C annealing temperatures under dry 

conditions at low magnification (100x). 

 

Plastic deformation within the polymer matrix and a deep debris layer with material removal in the wear 

track was observed, and is detailed in Figure 7 and 8 where these phenomena are clearly visible. Higher 

magnification images for Ni1 material were used in order to better appreciate the phenomenon. 
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Figure 7. SEM micrographs of Ni1, Motis, and Ni1CA30 after the wear test under dry conditions, showing 

the wear tracks. The arrow indicates the sliding motion direction.  

 

 

Figure 8. SEM micrographs showing material removal at the wear track border in Motis (a) and Ni1CA30 (b) 

after the wear test under dry conditions. The arrow indicates the sliding motion direction. 

 

Under bovine serum conditions, instead, only debris formation and an early stage delamination effect can 

be observed. Moreover, in some areas of the CFR PEEK materials, fiber rupture has been individuated, 

  
a) b) 
 

10µm 10µm



 

 

particularly for Ni1CA30. Nevertheless, fibres remained embedded within the polymer matrix for both CFR 

PEEK formulations, showing no significant evidence of detachment or removal. 

Macroscopic wear tracks, images of each investigated material after the wear test performed under bovine 

serum conditions and the observed details of fiber appearance for the two CFR PEEK tested formulations 

are reported in Figure 9, 10 and 11, respectively. 

 

 

Figure 9. wear tracks of Ni1, Motis and Ni1CA30 at 0 and 300 C annealing temperatures under lubricated 

conditions at low magnification (100x).. 
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Figure 10. wear track images after wear test under bovine serum conditions for Ni1, Motis, and Ni1CA30 

materials in all the tested formulations (untreated, 200, 250 and 300°C annealed). The arrow indicates the 

sliding motion direction. 

 

 

Figure 11. fiber appearance in Motis (a) and Ni1CA30 (b) samples, respectively, after the wear test in bovine 

serum. The arrow indicates the sliding motion direction. 

 

Figure 12 and Figure 13 illustrate the Al2O3 counterpart and the typical debris observed after the wear test, 

respectively. Pins showed no sign of damages or scratches and no isolated carbon fiber within the 

  
a) b) 
 

10µm 10µm



 

 

analyzed debris collection were retrieved, indicating that the counterpart material, either PEEK of CFR 

PEEK, did not affect the surface appearance of the pin. 

 

 

Figure 12. Al2O3 ball head after the wear test at different magnifications. 

 

 

Figure 13. typical debris observed for each tested condition for unfilled (Ni1, left) and CFR PEEK (Ni1CA30, 

middle and right). No sign of fiber pull out could be observed. 

 

 

Discussion 

It has been reported in the literature that COF can give information about the wear mechanisms occurring 

during the tribological contact of two counterfaces [42]. Some authors further suggest that COF variation 

depends on three separate factors: the material roughness Ra and its evolution over time (i), the presence 

of third body particles (ii), and the formation of a boundary lubrication film between the two sliding 

counterfaces (iii) [55]. 

It has been shown that protein adsorption, boundary lubrication, and tribological properties are intimately 

connected [56]. Adsorption of proteins contained in the lubricant has been proposed as one of the main 

discriminant among differentiation of frictional and wear properties in orthopaedic bearings [57], by 

adhering on the materials’ bearing surfaces and forming a solid like film interposing between the rubbing 

surfaces [57].   

The formation of the solid like film can either hinder or facilitate the creation of a continuous lubricant 

film, contributing to increase or decrease tribological properties of the tested bearings, respectively [58]. 



 

 

The obtained results are in accordance to these theories: the higher COF observed in dry conditions in 

respect to bovine serum regime indicates that in the latter case a lubricant film formation occurs, reducing 

the tangential forces and ultimately, the measured friction coefficient (Figure 2 and 3).  

The higher values recorded for the unfilled Ni1 PEEK confirm, as reported elsewhere [59], that the carbon 

fiber reinforcements can act as further lubricant. Differences in COF become more pronounced under 

bovine serum conditions (Figure 3) with 40% variations vs. 20% variation between Ni1 unfilled PEEK and 

the two CFR PEEK, indicating that the lubricant effect due to the carbon fiber becomes more important in 

wet conditions, where the lubricant film formation enhanced by the protein adsorption mechanism is the 

dominant factor. 

Additionally, since COF does not reach a plateau for the CFR PEEK formulations tested under bovine 

serum conditions (Figure 3), it can be concluded that the boundary lubrication film formed in such 

conditions is not continuous, presumably due to (i) the own fiber reinforcement presence, that alters the 

tribological surface continuity, given the fiber-matrix interface asperities presence; and (ii) to the nature of 

the lubrication regime, presumably not supported by an uniform protein adsorption, resulting in an 

incomplete lubrication layer formation. In unfilled Ni1 PEEK instead, the steady state COF observed after 

the initial run in corresponds to the saturated absorption of bovine serum and the formation of a complete 

boundary lubricating layer, suggesting a difference in material wettability or in the protein substrate 

adhesion mechanism among the three PEEK formulations considered (Figure 2). 

COF variations can give further indication on how surface morphology acts as an additional factor 

influencing the tribological properties of the tested material [60]. 

In fact, although all samples exhibited comparable Ra values,  they differ in terms of crystallinity and 

consequently in terms of final mechanical properties (Table I). Material asperities, hardened as a result of 

the rise in the degree of crystallinity due to the annealing treatment , can decrease the resistance to sliding 

motion given by the polymer plasticity and the sample-antagonist surfaces interpenetration, leading, 

ultimately, to a COF reduction (Figure 4). 

This occurs in a more pronounced way under dry conditions, where these material surface characteristics 

are considered to be more relevant since the absence of the boundary lubricating effect derived from the 

bovine serum medium presence and the resulting diminished interaction among the sliding surfaces [59]. 

COF variations under lubricated conditions are much less pronounced, with the exception of Ni1CA30, 

which showed on the contrary a COF increase, presumably due to the potential chemical degradation of 

the lubrication media under the tribological contact and the arising temperature and stress factors. 

For all the considered material formulations, it was found that annealing treatment results in higher wear 

rate if compared to the untreated samples (Figure 5). This might be caused by the observed variation in the 

polymer properties, whose hardened structure (Table I) presumably enhanced the second body particle 

abrasion, implying debris formation as already reported elsewhere [19]. Wear rate under bovine serum 

conditions is lower than under dry sliding conditions for Ni1 unfilled PEEK, suggesting that the fluid film 



 

 

formation has an impact in enhancing both the lubrication of the tribological contact and the heat transfer 

within the sliding surface, as already observed elsewhere [55], reducing the heat related damage in the 

polymer. In CFR PEEK formulations instead, the wear rate does not significantly change under dry and 

lubricated conditions, indicating that the graphite flakes generated from the reinforcement material 

abrasion play a role in the further lubrication of the contact surfaces [59].  Moreover, differences in the 

wear rate between the two CFR PEEK formulations and the unfilled PEEK are much larger (up to one order 

of magnitude) under dry conditions, further confirming that the formation of a lubricant boundary film is 

one of the key factors in PEEK tribology under the tested conditions [33], and that the formation of this 

layer is crucial for reducing not only the tangential forces created with the applied load, but also the wear 

phenomena occurring during the reciprocating motion applied.  

Material characteristics such as hardness are also differentiating the wear rate among the three tested 

polymer formulations, as the lowest wear rates were displayed for the hardest material and vice versa 

(figure 5 and Table 1), and moreover, the differences in the measured wear rate observed between Motis 

and Ni1CA30 CFR PEEK are attributable to the different intrinsic characteristics of the two reinforcement 

materials as well. Under dry conditions, the higher fiber content (in number) of Ni1CA30 CFR PEEK [20], 

and its higher mechanical strength, result in a significantly lower wear rate when compared to Motis CFR 

PEEK (p<0.005). Conversely, under bovine serum lubrication regime, the differences are much less 

pronounced, up to the point that a lower wear rate for Motis CFR PEEK can be observed. This indicates 

presumably that the lubricant film formation is less prone to occur in Ni1CA30 in respect to Motis 

formulation, given the higher number of fibers and the related variations in surface asperity and liquid 

absorption, thus resulting in a higher debris generation and material loss, as also confirmed by the 

observed COF variation. 

SEM images of the worn surfaces are in accordance with the above indications: in dry regime, it has been 

observed that in all the considered materials a certain amount of plastic deformation within the polymer 

matrix is present, with the formation of waves perpendicular to the sliding motion due to the material flow 

occurred as a consequence of the reciprocating sliding motion (Figure 7). This is considered to be typical of 

a fatigue regime derived from either thermal heating caused by the friction between the sliding 

components or high pressure generation given by high loads applications [60]. Both CFR PEEK material 

formulations show a deep debris layer with material removal in the wear track, and the beginning of 

delamination and debris production in the area at the border of the wear pattern, indicating severe 

material removal due to both the above mentioned effects of heat and load (Figure 8) and the loss of 

ductility resulting from the effect of the annealing treatment (Table I). 

Under bovine serum conditions, instead, only debris formation and an early stage delamination effect can 

be observed (Figure 10). As previously noted, fiber rupture has been individuated, particularly for Ni1CA30, 

probably caused by the lack of continuity of the lubrication film formed during the wear test (Figure 11). 



 

 

Overall, material removal and delamination appear to be more pronounced for Ni1CA30. For Motis CFR 

PEEK, these phenomena were less pronounced, despite present; additionally a certain amount of plastic 

deformation was observed in the surrounding polymer matrix, as well as some fiber thinning. However, 

despite the observed fiber damages, no sign of fiber detachment could be detected, indicating that debris 

production is always associated to a combined fiber-polymer matrix consumption, rather than to isolated 

fiber removal [61]. 

 

 

Conclusion 

Overall, our findings indicate that a lubricant film formation seems to be the most relevant factor to take 

into consideration for the assessment of wear phenomena occurring within PEEK or CFR PEEK versus 

Al2O3 tribological coupling. CFR material exhibited the higher wear resistance compared to unfilled 

formulation, despite the observed differences were flattened in lubricated conditions. Under lubricated 

conditions in fact, wear rate reduction is much larger in unfilled material than for the two CFR PEEK 

formulations, to the point that no significant reduction of the wear rate could be assessed, presumably due 

to the incomplete lubricant film formation in reinforced materials. 

Under dry conditions, annealing treatments affect negatively the wear resistance of all the tested PEEK 

formulations, indicating that material strength and crystallinity increase result in a detrimental effect for 

the wear rate. However, this effect is limited under bovine serum lubrication conditions for all the 

considered materials. 

Additional improvements in wear resistance of the considered materials might be obtained through 

promoting the continuous lubrication film formation which is considered to be critical especially for CFR 

formulations, i.e. with the further optimization of the material roughness through surface 

texturing/modification techniques aiming at maximizing the polymer wettability and/or the surface 

interaction with the lubricant medium, so as to optimize the lubricant efficacy. 
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