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Abstract: 		  In this work, a comparative analysis of the micromechanical and tribological properties of polyetheretherketone 
(PEEK) in bulk and coating form was performed. The PEEK 708 coating was applied on a Ti6Al4V titanium 
alloy flat specimen using  the electrophoretic deposition method. The micromechanical properties were 
determined through indentation tests performed using the Vickers method and scratch tests. Based on research 
work, the Vickers hardness (HV), elastic modulus (E), scratch hardness (HS), and Micro Mar Resistance 
(MMR) were determined. The tribological properties were defined by the coefficient of friction (fs and fw), 
which was obtained in scratch tests and ball-on-disk tests. The results of this research indicate, despite the 
slightly higher Vickers hardness (HV) of the PEEK 708 coating (HV = 350 MPa, HS = 300 MPa) relative 
to PEEK bulk (HV = 300 MPa, HS = 210 MPa), that there is an almost 40% difference between the scratch 
hardness (HS) values of these PEEK forms. It appears from the result analysis in this paper that testing 
methods to determine the micromechanical and tribological properties of PEEK in monolith form can be used 
for both PEEK coatings. Under certain test conditions, the impact of the substrate properties on the results 
of the PEEK 708 coating was not found.

Słowa kluczowe: 	 PEEK, twardość, współczynnik tarcia, wskaźnik zużycia objętościowego, odporność na mikrouszkodzenia.

Streszczenie: 		  W pracy dokonano analizy porównawczej właściwości mikromechanicznych oraz tribologicznych poliete-
roeteroketonu (PEEK) w postaci monolitycznej i powłoki. Powłoka PEEK  708 została osadzona metodą 
elektroforezy na płaskim podłożu ze stopu tytanu. Właściwości mikromechaniczne zostały zbadane metodą 
indentacyjną przy użyciu wgłębnika Vickersa oraz w teście zarysowania. Na podstawie badań wyznaczo-
no twardość Vickersa (HV), moduł sprężystości (E), twardość zarysowania (HS) oraz odporność na mikro-
uszkodzenia (MMR). Właściwości tribologiczne zdefiniowano poprzez współczynnik tarcia (fs i fw), który 
wyznaczono zarówno w teście zarysowania oraz podczas tarcia w układzie typu kula–tarcza. Wyniki badań 
wskazują, że pomimo niedużo większej twardości Vickers’a (HV) powłoki PEEK  708 (HV = 350 MPa,  
HS = 300 MPa) względem monolitycznego PEEK (HV = 300 MPa, HS = 210 MPa), występuje niemal 40% 
różnica w ich twardościach zarysowania (HS). Z przeprowadzonej analizy wynika, że metody wyznaczania 
parametrów mikromechanicznych oraz tribologicznych stosowane dla  materiałów monolitycznych PEEK 
sprawdzają się w badaniach powłok polimerowych PEEK. W określonych warunkach badań nie stwierdzono 
wpływu materiału podłoża na otrzymane wyniki dla powłoki PEEK 708.
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Introduction

Polymers and polymer composites are a common 
group of materials widely used in industry. In machine 

construction, they often act as construction materials 
of the responsible elements, e.g., bearing nodes. The 
development of polymer production and moulding 
technology also enables their use as coatings. For 

DOI: 10.5604/01.3001.0013.5967 



74 ISSN 0208-7774 T R I B O L O G I A  4/2019

instance, bearings are usually made as units of sliding 
polymer material but also in the form of multi-layer 
sleeves [L. 1, 2]. Designing wear-resistant kinematic 
nodes involves the selection of materials whose 
properties are well characterized in a wide range of 
changes under external excitation. Due to differences in 
the behaviour of polymer coatings and bulk, correlation 
is sought between their physicochemical, mechanical, 
and/or tribological properties under mechanical, thermal, 
and environmental impact.

Among the many types of polymers used in 
machine construction, polyetheretherketone (PEEK) can 
be distinguished. The PEEK polymer was invented in 
1979 and has become a widely used material in many 
sectors of industry [L. 3]. In the early 1980s, it was 
used, among others, in the construction of responsible 
elements – turbine blades for the aviation industry  
[L. 4]. Due to the properties of PEEK, it is used in 
many different areas, from jack sockets in smartphones, 
through bushes of rolling bearings, to attachments in 
dental implants [L. 5–8].

Such great interest in PEEK is mainly due to the high 
mechanical properties and high temperature resistance 
compared to other polymers. The elastic modulus (E) of 
PEEK bulk, determined in tensile tests, reaches the value 
of 3.5–3.6 GPa, while the tensile strength (Ts) is 90–100 
MPa [L. 9–12]. The basic mechanical parameters of 
construction material bulk, such as yield strength (Re), 
ultimate limit strength (Rm) and elastic modulus (E), 
are usually determined in tensile tests. Nevertheless, 
the elastic modulus (E) can also be determined by the 
indentation method, which is the classic method for 
measuring hardness. The most common indentation test 
methods are Vickers, Rockwell, or Brinell. However, 
there are also other methods to determine the material 
resistance against the pressing of an indenter. For 
instance, polymer hardness can be determined in 
a scratch test using a Rockwell indenter, which is called 
scratch hardness (HS). According to the research of 
Sampaio et al. and Goyal et al., the Vickers hardness 
(HV) of PEEK bulk is the range of 30–40 HV (about 
300–400 MPa), and, based on the analysis of Friedrich 
et al. the scratch hardness (HS) is approximately  
420 MPa [L. 9, 11, 13]. It should be noted that the 
values of the obtained results are influenced by the 
test parameters and the type of device, as well as the 
performance and preparation of the used material. These 
factors are the boundary conditions of the test. The 
above values of Vickers hardness (HV) were determined 
for a normal load (Fn) of 1 N, while the scratch hardness 
(HS) at a progressive normal load (Fn) was in the range of  
5–90 N. Furthermore, the mechanical properties of 
polymers as well as PEEK are strongly related to 
temperature. PEEK bulk has a melting point (Tm) in the 
range of 343–345°C, a glass transition temperature (Tg) 
in the range of 143–150°C, and an operating temperature 
(To) up to 200°C [L. 12–16]. Research performed by 

Briscoe et al. shows that, above the glass transition 
temperature (Tm> 143°C), there is a significant decrease 
in the mechanical properties of PEEK, including  tensile 
strength and Young's modulus [L. 14].

The PEEK polymer also has very good tribological 
behaviour and corrosion resistance [L. 17]. In laboratory 
conditions, the coefficient of sliding friction (fw) of 
PEEK bulk is most often determined in flat contact 
as a pin-on-disc friction node and less often in point 
contact as a ball-on-flat friction node. One specific 
method to determine the coefficient of friction is 
a scratch test using a Rockwell indenter. In this method, 
the motion resistance is the result of the interaction in 
the concentrated sliding contact. In polymers, the value 
of the coefficient of scratch friction (fs) is strongly 
dependent on the deformation of plastic polymer in 
contact with the indenter. According to the research of 
Lin et al. and Sumer et al., the coefficient of sliding 
friction (fw) of PEEK bulk in dry flat contact is in the 
range of 0.35–0.43, and, in the presence of water, it is 
the range of 0.13–0.17 [L. 18, 19]. However, according 
to the analysis of Friedrich et al. and Lin et.al, the limit 
values of the coefficient of scratch friction (fs) are in the 
range of 0.24–0.46 [L. 9, 19]. The values of the research 
results obtained by the above authors are affected by 
the boundary conditions of the tribological tests. The 
coefficient of sliding friction (fw) in the mentioned tests 
were determined for normal loads (Fn) in the range of 
16–150 N, while the coefficient of scratch friction (fs) at 
a progressive normal load (Fn) was in the range of 0.3– 
–60 mN and 5–90 N. The low values of coefficients 
of sliding and scratch friction make PEEK a great 
tribological pair compared to other polymers. In addition, 
PEEK is very resistant to most chemical solutions; 
therefore, it can be used in aggressive environments 
[L. 17, 20]. Furthermore, PEEK is characterized by 
biocompatibility, as confirmed in clinical trials [L. 10, 21]. 

Simultaneously, PEEK is increasingly used in 
coatings deposited on metallic substrates. This creates 
the need to perform research into the properties of 
formed coatings and to search for methods for their 
implementation [L. 4, 11, 22]. The popularity of PEEK 
coatings probably comes from the high price of PEEK 
itself, which is up to 8 times higher than the prices of 
other polymers. Moreover, the deposited PEEK coating 
provides corrosion protection and sliding properties 
while maintaining the high mechanical properties of the 
metallic substrate. A rich material database containing the 
properties of many polymers and polymer composites of 
component bulk can be an important source in obtaining 
technological or construction information in relation to 
components in coating form. This eliminates the need for 
special techniques to analyse polymer coatings, which 
are required due to the restrictions on their thickness. 
This is the reason for difficulties in the research of 
mechanical and tribological properties. Based on 
publications, PEEK coatings usually have a thickness 
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of 10–100 μm and require adequate adhesion to the 
substrate [L. 9, 11, 16, 22–27]. All of these strongly limit 
the operability of available methods for researching the 
properties of such polymer coatings.

The finite thickness of the PEEK coating creates 
a geometrical barrier for the sample in tensile tests to 
determine elastic modulus (E) and tensile strength (Ts). 
A partial solution to this problem seems to be using the 
indentation method with different indenter geometries. 
This enables the elastic modulus (E) and, at the same 
time, the hardness of the coating to be determined, 
assuming that the penetration of the indenter does not 
exceed 10% of the coating thickness. Based on the 
research of several scientists, the Vickers hardness (HV) 
for the PEEK coating is in the range of 10–27.5 HV 
(about 100–275 MPa) [L. 23–25, 27]. The values of the 
obtained results differ due to the boundary conditions of 
tests and the method of deposition for PEEK coatings, 
which influences the degree of crystallinity and the 
uniformity of coatings, among others. The above 
Vickers hardness (HV) tests were performed at normal 
loads (Fn): 20 mN, 100 mN, 100 N. The hardness of thin 
coatings can also be determined in scratch tests (HS). In 
studies developed by Tharajak et al., the scratch hardness 
(HS) of the PEEK coating using a Rockwell indenter is  
113 MPa [L. 26]. The test was performed at a progressive 
normal load (Fn) in the range of 50–250 N.

The popularity of increasingly thinner coatings 
being deposited also generates problems in tribological 
tests. Tribological research into coatings, including 
polymer coatings, is most often performed in sliding 
contact against a ball. Hence, methods were developed 
to determine the coefficient of sliding friction in point 
contact using balls, usually ceramic, but also on steel, as 
a ball-on-flat friction node. According to the researchers, 
the coefficient of sliding dry friction is in the range of 
0.19–0.47, and this is reduced in wet contact. [L. 16, 
23, 25, 27, 28]. For instance, in the presence of Ringer's 
solution, the coefficient of sliding wet friction in contact 
with an aluminium ball-PEEK coating is 0.13 [L. 27]. 

In all the above research, the authors of publications 
used 6 mm diameter balls regardless of the material; 
therefore, the generators of the differences between 
the obtained results are the boundary conditions of the 
tests. The normal load (Fn) applied in the tests is in the 
range of 2–20 N. The scratch test, apart from testing 
the adhesion of polymer coatings, can also be used 
to analyse the deformation of the coating-substrate 
system and to determine the scratch hardness (HS), as 
well as to measure the friction force and, on this basis, 
to determine the coefficient of scratch friction (fs). 
Moreover, geometrical analysis of the scratch trough 
can be used to determine the coating resistance to micro-
damage (MMR – Micro Mar Resistance) [L. 29, 30].

Due to the measurement limitations posed by 
the thickness of polymer coatings, including PEEK, 
it is reasonable to search for methods which are able 
to determine their micromechanical and tribological 

properties, other than those used for polymer bulk. 
Despite the rich material database for PEEK bulk, it is 
necessary to determine the properties of the coating-
substrate system in terms of coating adhesion to the 
substrate and its deformation, which are due to the 
different forms of polymer. In addition to the classic 
methods for determining micro-mechanical and 
tribological parameters, using scratch tests seems to be the 
most favourable solution. Scratch tests make it possible 
to relatively quickly obtain the results of tests enabling 
the characterization of the mechanical and tribological 
properties of coatings and their comparison between 
other laboratories and existing material databases. Due 
to the above, in this publication, a comparative analysis 
of the elastic modulus (E), hardness (HS and HV), 
the coefficient of friction (fs and fw), and Micro Mar 
Resistance (MMR) of PEEK bulk and PEEK of grade 
708 as coatings, deposited on a Ti6Al4V titanium alloy 
substrate, was performed.

Materials and sample preparation

The research samples are polyetheretherketone (PEEK) 
of the following forms:
•	 Bulk in the shape of discs with a diameter of 16.5 

mm and a height of 2.7 mm made of PEEK, and
•	 PEEK 708 coating deposited on a Ti6Al4V titanium 

alloy substrate in the shape of discs with a diameter 
of 22 mm and a height of 2.7 mm.

According to the specifications provided by the 
producer, the PEEK in monolith form is characterized 
by the following [L. 16]:
•	 An elastic modulus (E) of 4.2 GPa, which was 

determined in a tensile test in accordance with DIN 
EN ISO 527-2 norm at a crosshead speed of 1 mm / 
min; and,

•	 A Brinell hardness (HB) of 253 MPa, which was 
determined based on the ISO 2039-1 norm.

First, the surface of the monolithic sample was 
prepared by dry sanding using sandpaper with a grain 
size of  P500  and P1000. Subsequently, it was water 
polished using sandpaper with a grain size of P2000. 
Due to the preparation of the sample, the surface 
roughness determined by the Ra parameter of 127 ±13 nm 
was obtained.

A 100 μm thick PEEK 708 coating was deposited by 
an electrophoretic process (EPD). In the electrophoretic 
deposition process, the colloidal suspension consists of 
the following: 
•	 PEEK polymer particles, grade 708, with a grain 

size of 10 μm, which, according to the company's 
catalogue is characterized by the following [L. 31]:
–– Elastic modulus (E) of 4.3 GPa,
–– Shore D hardness of 85D.
–– Ethanol, and
–– Surfactants. 
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The sample and electrode immersed in the colloidal 
suspension were spaced 10 mm apart. Deposition of the 
polymer coating was performed at 70 V for 20 s. After 
the electrophoretic deposition process, the coating was 
annealed at 380°C for 20 min and then cooled down at 
a rate of 2°C/min. Due to the electrophoretic deposition 
process, a PEEK 708 coating was obtained with its 
surface roughness determined by the Ra parameter 
of 52 ±3 nm. The Ti6Al4V titanium alloy substrate is 
characterized by a elastic modulus (E) of 142 ±11 GPa 
and a Vickers hardness (HV) of 347 ±14 MPa.

The geometrical parameters of the samples surface 
structure were measured with a Filmetrics PROFILM 
3D optical profilometer (USA).

Methods

Research into the micromechanical properties and 
scratch resistance of both PEEK samples was performed 
at room temperature (approx. 21°C) using a Micro-
Combi Tester (MCT) of CSM Instruments (Switzerland).

Indentation test

The Vickers hardness (HV) tests were performed in 
accordance with the ISO 14577-4: 2016 norm at normal 
loads (Fn): 50, 100, and 200 [mN] (Fig. 1) [L. 32]. 
Normal loads (Fn) increased linearly until reaching the 

maximum value after 30 s, and the time of maintaining 
the maximum value was 15 s. Based on the test, the 
location of the indenter was determined depending on 
the normal load (Fn) (Fig. 2). Analysis of load/unload 
deformation curves obtained in the indentation tests 
enables the elastic modulus (E) and Vickers hardness 
(HV) to be determined, which was the subject of 
previous mathematical models (eq. 1, 5) [L. 33–37]. 
The basis for determining the above parameters (E and 
HV) are dependencies describing the following: reduced 
elastic modulus (Er), projected contact area (Ap) and 
contact depth (dc) of the indenter to the surface of the 
sample (eq. 2–4). The calculated parameters (E and HV) 
are the arithmetic mean of the values in a series of tests 
performed for each of the normal loads (Fn) assumed in 
the indentation test.

Fig. 1. 	 Vickers hardness test
Rys. 1. 	 Test twardości Vickersa

Fig. 2. 	 A typically load/unload curve generated by Micro-Combi Tester (MCT)
Rys. 2. 	 Typowa krzywa dociążania/odciążania wygenerowana przez Micro-Combi Tester (MCT)
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Scratch test

The scratch tests were performed in accordance with 
the ASTM D7027-13 norm at a progressive normal load 
(Fn) in  the range of 0–30 mN, with the velocity of the 
Rockwell indenter of 4.75 mm/min and a scratch length 
of 5 mm (Fig. 3) [L. 38].

Based on the scratch, a 3D model of the scratch 
(troughs) was created using a Filmetrics PROFILM 

3D profilometer (USA). A 3D model of the scratch was 
divided into 6 cross-sections at equal distances along its 
length (Fig. 4). These cross-sections correspond to the 
normal load (Fn) obtained in these places which belong 
to the set i ϵ {5, 10, 15, 20, 25, 30} N. The geometric 
parameters of the trough were determined for each 
cross-section of the scratch using Gwyddion software: 
depth (d), width (w) (Fig. 6). On this basis, the trough 



78 ISSN 0208-7774 T R I B O L O G I A  4/2019

cross-sectional areas (As) were calculated as the sum of 
the trapezoid areas with the following definitions (6): 
•	 Height is the absolute value of the difference between 

two consecutive horizontal coordinates belonging to 
the trough width (|wk-wk+1|), and

•	 Bases are the corresponding vertical coordinates 
belonging to the trough depth (|dk| and |dk+1|).

Consequently, equations were developed which 
describe: mean value of the scratch hardness (HS), 
Micro Mar Resistance (MMR) and the coefficient of 
scratch friction (fs) (eq. 7-9).

Fig. 3. 	 Scratch test
Rys. 3. 	 Test zarysowania

Fig. 4. 	 Scratch’s 3D model
Rys. 4. 	 Model 3D zarysowania

Fig. 5. 	 Cross-section of the scratch
Rys. 5. 	 Przekrój poprzeczny zarysowania

Fig. 6. 	 Scheme of a ball-on-disc friction pair
Rys. 6. 	 Schemat pary tarciowej typu kula–tarcza
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Tribological test

The tribological tests were performed in accordance 
with the ASTM G 138-05 and ISO 20808:2004 norms 
at a constant normal load (Fn) of 5 N in a non-lubricated 
contact point against an Al2O3 ball with a diameter of 6 
mm on a track radius (r) of 3 mm and velocity of about 
0.04 mm/s (120 rpm) (Fig. 6) [L. 39, 40]. The sliding 
distance (s) of the test was 2000 m. The profile of the 
track formed after the test was measured by the contact 
method at 8 cross-sections in steps of 45¡. On this basis, 

the trough cross-sectional area (At) was determined in 
the n-th track cross-sections, where n ϵ {1, 2, 3, 4, 5, 6, 
7, 8}, analogously to the equation of the trough cross-
sectional area (As) in the scratch test (eq. 10, Fig. 6). In 
addition, according to the test parameters, the wear rate 
(K) was calculated as the mean value of 8 track cross-
sections (eq. 11). 

The coefficient of sliding dry friction (fw) was 
determined at all track (s) lengths with a sampling time 
of 1 s (eq. 12).
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Results

Measurements in the indentation test performed using 
the Vickers method enabled curves of indenter depth (d) 
to be determined as a function of normal load (Fn). Based 
on the above data measurements, Vickers hardness (HV) 
and  elastic modulus (E) were determined for each of 
the samples. The maximum penetration of the indenter 
(dmax) for PEEK bulk was approx. 6.4 μm, and for the 
PEEK 708 coating it was approx. 5.4 μm.

The analysis of cross-sections in the scratch test 
(As) enables the width (w) and depth (d) of the trough 
to be determined in the i-th cross-section of the scratch. 
Based on the measured geometrical parameters of 
the trough, the mean value of scratch hardness (HS) 
and Micro Mar Resistance (MMR) were calculated 
in the i-th cross-sections for each of the samples. The 
coefficient of scratch friction (fs) was calculated for 
the assumed normal loads (Fn) and the  corresponding 
measured tangential loads (Ft). The trough depth (d) at 
the maximum normal force (Fn=30 N) for PEEK bulk 

was approx. 33 μm, and for the PEEK 708 coating, it 
was approx. 50 μm.

Based on the tribological tests, the width (w) and 
depth (d) of the trough were measured in the n-th cross-
section of  the track. Due to the determined geometric 
parameters of the troughs, the mean value of the wear 
rate (K) was calculated for each of the samples. The 
mean value of the sliding friction coefficient (fw) in non-
lubricated contact against an Al2O3 ball was calculated 
for the assumed normal force (Fn) test and the tangential 
force measured in every 1  sec of the test (Ft). The 
maximum trough depth (d) for PEEK bulk was approx. 
13 μm, and, for the PEEK 708 coating, it was approx. 
7 μm.

Vickers and scratch hardness

The Vickers hardness (HV) values at the loads (Fn) 
of 50, 100, and 200 [mN] and scratch hardness (HS) 
at  a progressive normal load (Fn) in the range of 0-30 
N for PEEK bulk and the PEEK 708 coating are shown 
in Fig. 7.

Fig. 7. 	 Results of Vickers and scratch hardness: a) PEEK bulk, b) PEEK 708 coating 
Rys. 7. 	 Wyniki badań twardości Vickers’a i zarysowania: a) PEEK w postaci monolitycznej, b) powłoki PEEK 708
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In both PEEK bulk and the PEEK 708 coating, 
Vickers hardness (HV) is similar under normal loads 
(Fn) of 50 and 100 [mN]. For the PEEK 708 coating, 
the above values are approx. 50 MPa higher. Under 
the normal load (Fn) of 200 mN, there is a decrease 
in Vickers hardness (HV), which is characteristic for 
both forms of PEEK, but the value for the coating is 
approx. 30 MPa higher than for the bulk. Nevertheless, 
the determined value indicates the non-influence of the 
substrate material on the obtained Vickers hardness 
(HV) results of the PEEK 708 coating.

The scratch hardness (HS) of the PEEK 708 coating 
is relatively higher than PEEK bulk despite a decrease 
in  Vickers hardness (HV) with an increase in normal 

load (Fn). The scratch hardness (HS) difference between 
the above PEEK forms is over 80 MPa. 

Elastic modulus

Elastic modulus (E) values at the loads (Fn) of 50, 100, 
and 200 [mN] for PEEK bulk and the PEEK 708 coating 
are shown in Fig. 8.

Result analysis of the elastic modulus (E) for the 
PEEK 708 coating and PEEK bulk indicates slight 
differences in the determined values. Regardless of the 
PEEK form, the above values are in a narrow range of 
5 to 5.7 GPa. Therefore, the obtained results of elastic 
modulus (E) indicate the non-influence of the substrate 
material on the PEEK 708 coating in the indentation test.

Fig. 8. 	 Results of elastic modulus: a) PEEK bulk, b) PEEK 708 coating
Rys. 8. 	 Wyniki badań modułu sprężystości: a) PEEK w postaci monolitycznej, b) powłoki PEEK 708

Micro Mar Resistance

Micro Mar Resistance (MMR) values at a progressive 
normal load (Fn) in the range of 0-30 N for PEEK bulk 
and the PEEK 708 coating are shown in Fig. 9. 

Micro Mar Resistance (MMR) is a parameter 
which describes the scratch resistance of soft coatings 
in the case of  slight surface damage [L. 29, 30]. It is 
used to evaluate the potential usage of such coatings in 
industrial applications.

Micro Mar Resistance (MMR) for PEEK bulk is 
characterized by a gradual but small decrease in the 
value with an increase in normal load (Fn). In the case 
of the PEEK 708 coating, the change in the value of the 
above parameter is more abrupt. For a normal force (Fn) 
less than 10 N, the Micro Mar Resistance (MMR) of 
the PEEK 708 coating is  greater than for PEEK bulk. 
However, for normal loads (Fn) more than 20 N, the 
above trend is reversed, which continues as the normal 
load (Fn) increases.
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Fig. 9. 	 Results of Micro Mar Resistance (MMR)
Rys. 9. 	 Wyniki badań odporności na mikrouszkodzenia (MMR)

Coefficient of sliding and scratch friction

Tribological tests show that the PEEK 708 coating has 
good adhesion to the substrate and is distinguished by 
milder wear and less deformation of the worn surface 
relative to PEEK bulk (Fig. 10). The worn PEEK 708 
surface is also smoother than the worn surface of PEEK 
bulk.

The coefficient of sliding dry friction (fw) values 
against an Al2O3 ball at a constant normal load (Fn) 
of 5 N  for PEEK bulk and the PEEK 708 coating are 
shown in Fig. 11.

Result analysis of tribological tests indicates 
significant differences in the coefficients of sliding 
dry friction (fw) between both forms of PEEK. The 
coefficient of sliding dry friction (fw) of the PEEK 708 
coating (fw = 0.22–0.25) is 36% lower than PEEK bulk 
(fw= 0.35–0.4). Similar differences can be observed 
for wear rates (K). The wear rate (K) of PEEK 708  
(K = 3.12·10-6 mm3/Nm) is 38% lower than PEEK bulk 
(K = 5.09·10-6 mm3/Nm).

The coefficient of scratch friction (fs) values at 
a progressive normal load (Fn) in the range of 0–30 N 
for PEEK bulk and the PEEK 708 coating are shown in 
Fig. 12.

Fig. 10. 	 Worn surfaces of the: a) PEEK bulk, b) PEEK 708 coating, after dry friction against Al2O3 ball (LM, mag. 50x)
Rys. 10. 	Zużyta powierzchnia: a) monolitu PEEK, b) powłoki PEEK 708, po współpracy z kulą Al2O3 w styku niesmarowa-

nym  (LM, pow. 50x)
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Fig. 11. 	 Coefficient of sliding dry friction of PEEK bulk and PEEK 708 coating against Al2O3 ball
Rys. 11.	 Współczynnik tarcia ślizgowego suchego PEEK w postaci monolitycznej i powłoki PEEK 708 w styku z kulą Al2O3

Fig. 12.	 Coefficient of scratch friction determined in scratch tests 
Rys. 12. 	Współczynnik tarcia zarysowania wyznaczony w testach zarysowania

The coefficient of scratch friction (fs) is used to 
qualitatively compare the adhesion of coatings to the 
substrate [L. 41]. Generally, it can be applied in the 
classification of coatings in industrial practice.

The coefficient of scratch friction (fs) of PEEK bulk 
is less than or equal to the PEEK 708 coating, regardless 

of the normal load (Fn) value. Under a normal load (Fn) 
in range of 0-5 N, the coefficients of scratch friction 
(fs) of both PEEK forms converge to a common value 
of 0.15. Over the value of 0.15, both coefficients of 
scratch friction (fs) increase with normal load (Fn), but 
the increase is more intensive for the PEEK 708 coating.
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ConclusionS and discussion

The Vickers hardness (HV) tests show that the 
obtained values for PEEK bulk at normal loads (Fn) 
of 50 and 100 [mN], which are about 300 MPa, correspond 
with other research, according to which the values are in 
the range of 300–400 MPa [L. 11, 13]. Nevertheless, the 
above results deviate from the value determined by the 
producer due to a different indentation method (Brinell's 
method), according to which the Brinell hardness (HB) 
is 265 MPa. In accordance with the performed analysis, 
the Vickers hardness (HV) of the PEEK 708 coating 
at normal loads (Fn) of  50 and 100 [mN] is approx.  
350 MPa and deviates from the values in the range of 100– 
–275 MPa obtained based on other research [L. 23, 25, 
27, 28]. The ambiguity of the above results is most likely 
caused by the degree of polymer crystallinity. Moreover, 
the difference in the compared research results is related 
to the polymer structure, which is  formed depending 
on the method of coating deposition. Nevertheless, the 
Vickers hardness (HV) of PEEK bulk and  the PEEK 
708 coating indicates an analogously downward trend 
at a normal load (Fn) of 200 mN. This proves that 
the substrate material does not affect the indentation test 
of the PEEK 708 coating. This behaviour is confirmed 
by  the safe penetration depth of the indenter, which is 
6.4% of the PEEK 708 coating thickness. The above 
thesis is also verified by the results of the elastic modulus 
(E), with values for both forms of PEEK being almost 
the same: for  PEEK  in  monolithic form, it is approx.  
5.4 GPa, and for the PEEK 708 coating, it is approx.  
5.5 GPa. According  to  of  other  research, the elastic 
modulus (E) value of PEEK bulk determined in the 
tensile test is in the range of 3.5–3.6 GPa, while, based 
on the specification card, it is 4.2 GPa [L. 9, 10]. In the 
case of the PEEK 708 coating, the  polymer company 
only provides the value of elastic modulus (E), which is 
4.3 GPa. The above dissonance of comparable values is 
caused by the type of test. 

The studies indicate that the tests of the elastic 
modulus (E) and Vickers hardness (HV) determined 
in  the  indentation method of PEEK bulk can be used 
to obtain the mentioned parameters for PEEK coatings. 
One condition for this is the fulfilment of the indenter 
penetration criterion, which should not exceed 10% of 
the coating thickness. Due to the dedicated mathematical 
relationships used to obtain the elastic modulus (E) and 
Vickers hardness (HV) in this publication, values with 
a smaller standard deviation were determined than in 
the case of the Olivier-Phar model. The reason for the 
difference in the determined values is probably a better 
fit of the tangent to the unloaded deformation curve in 
the indentation test.

Semi-crystalline thermoplastic polymers, including 
PEEK, are characterized by high elastic deformation. 
According  to Xiang, the elastic deformation in the 
scratch test is related to the yield strength (Re), elastic 

modulus (E) and the coefficient of scratch friction (fs) 
[L. 42]. 

Therefore, soft and flexible coatings such as PEEK 
are characterized by high scratch resistance, which can 
be described by scratch hardness (HS) and Micro Mar 
Resistance (MRR). The above feature is characteristic 
of  polymers and is related to elastic recovery after 
deformation due to scratches. In the case of polymer 
coatings, this is one of the most important features that 
matter due to the durability of the coating-substrate 
system and the areas of application. At the same time, 
polymers as a group of engineering materials are 
characterized by low mechanical properties. This is 
explained by low elastic modulus (E) of polymers and 
often relatively high plasticity in comparison with, for 
example, hard ceramic coatings. 

Therefore, the scratch hardness (HS) and Micro 
Mar Resistance (MMR) of PEEK bulk and the PEEK 
708 coating in the scratch test were determined in this 
publication. The study shows that, despite the 15% 
higher Vickers hardness (HV) of the PEEK 708 coating 
(HV = 350 MPa, HS = 300 MPa) relative to PEEK bulk 
(HV = 300 MPa, HS = 210 MPa), scratch hardness (HS) 
is almost 40% higher. The above difference is most 
likely influenced by the degree of  the crystallinity of 
the PEEK 708 coating, which is directly related to the 
deposition method and elastic recovery. This explains 
the difference with the research of other authors where 
the scratch hardness (HS) of PEEK coatings is 113 MPa 
[L. 26]. This behaviour is also confirmed by Miro Mar 
Resistance (MMR). The biggest difference in the above 
parameter is for the normal load (Fn) of 5 N and reaches 
an almost 20% higher value for the PEEK 708 coating 
than PEEK bulk. This trend is maintained up to the 
normal load (Fn) of 20 N. Above the normal load (Fn) of 
20 N, Micro Mar Resistance (MMR) of the PEEK 708 
coating is lower than PEEK bulk. 

Based on scratch tests, the coefficient of scratch 
friction (fs) was also determined, and, for PEEK bulk, 
the maximum value is 0.33. The obtained value is 
consistent with the research of other authors where 
the maximum coefficient of scratch friction (fs) value 
is in the range of 0.24–0.46 [L. 9, 19]. In the case of 
the PEEK 708 coating, the  maximum coefficient of 
scratch friction (fs) value is 0.42. The obtained value 
is also consistent with the research of  other authors 
where the maximum coefficient of scratch friction (fs) 
value is in the range of 0.19–0.47 [L. 16, 23, 25, 27]. 
Nevertheless, the coefficient of scratch friction (fs) of 
the PEEK 708 coating is almost always higher than 
PEEK bulk, regardless of the normal force (Fn) value. 
This indicates a higher movement resistance of piled up 
material against the pressing of an indenter. Therefore, 
the PEEK 708 coating is characterized by a wider 
range of elastic deformability relative to PEEK bulk. 
The above relationship is confirmed by differences in 
the values of Vickers hardness (HV), scratch hardness 
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(HS), and Micro Mar Resistance (MMR), which are 
related to  the  crystallinity degree of the polymer and 
the deposition technology of the PEEK 708 coating. 
Hence, the coefficient of scratch friction (fs) depending 
on normal load (Fn) can be an additional factor when 
comparing polymer coatings.

Tribological tests in non-lubricated contact against 
an Al2O3 ball enable the coefficient of sliding dry friction 
(fw) to be determined, with a mean value for PEEK bulk 
in the range of 0.35–0.4 at a constant normal load (Fn) 
of 5 N. The above value is consistent with the research 
of other authors (0.35–0.43) despite the flat contact 
configuration used by them in tribological tests [L. 18, 
19]. In the case of the PEEK 708 coating, the coefficient 
of sliding dry friction (fw) value is in the range of 
0.22–0.25. The above value is also consistent with the 
work of other researchers (0.19–0.47) where the contact 
configuration applied in tests are the same [L. 16, 23– 
–25, 27, 28]. Therefore, the discrepancy between  the 

coefficients of sliding dry friction (fw) of these two forms 
of PEEK should be attributed to the difference in  the 
mechanical properties of the PEEK 708 coating caused 
by a different crystallinity degree. In order to reliably 
compare the coefficients of sliding dry friction (fw) of 
PEEK in bulk and coating form, both forms of PEEK 
must be formed so as to achieve convergent crystallinity 
degrees. Moreover, due to the constraint imposed by 
the coating thickness and the wide range in the elastic 
deformation of PEEK, tribological tests should be 
performed in a ball-on-disc friction node.
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