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Highlights

What are the main findings?

e  Hybrid PEEK showed a higher numerical mean COF in all dry conditions.

e  Both materials operated stably over PV = 0.3-3.2 MPa-m/s.

e Neat PEEK showed denser fine grooves, while hybrid PEEK had greater local
height variation.

What are the implications of the main findings?

e  Bearing-grade fillers do not necessarily reduce dry friction.
e  Operating condition had a strong effect on steady-state COF.
e  Material selection should consider friction, surface response, and thermal behaviour.

Abstract

Bearing-grade PEEK composites are intended to improve sliding performance, but filler
addition does not necessarily reduce friction. This study compared the dry sliding tribo-
logical behaviour of neat PEEK and hybrid PEEK containing PTFE, graphite, and carbon
fibre against 42CrMo4+QT steel. Ring-on-block tests were performed at nominal PV val-
ues of 0.3-3.2 MPa-m/s, contact pressures of 0.87-5.82 MPa, and sliding velocities of
0.26-0.55 m/s. Each material-condition combination was tested using three independent
specimens. Coefficient of friction was calculated from simultaneously measured tangential
and normal forces, and subsurface temperature was recorded continuously. Initial and
post-test surfaces were examined using optical and extended depth-of-field microscopy:.
Group mean COF values ranged from 0.052 to 0.123. Hybrid PEEK exhibited a higher nu-
merical mean COF than neat PEEK in all six operating conditions, with relative differences

of approximately 1.53-8.36%. Two-factor ANOVA estimated an overall hybrid-minus-neat

W) Check for updates difference of +0.003388 COF units (95% CI 0.001279-0.005496; p = 0.0029), whereas none
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observations showed a denser pattern of fine grooves on neat PEEK, whereas hybrid PEEK
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exhibited comparatively smoother intervening regions interrupted by fewer but locally
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1. Introduction

Sliding bearings and other polymer—steel contacts are used in mechanical systems
where low friction, wear resistance, load-carrying capacity, and thermal stability are
required [1]. Their tribological performance depends strongly on normal pressure, sliding
velocity, counterface condition, and lubrication regime. Under high loads or insufficient
lubrication, increased direct interaction between the polymer and the steel counterface may
intensify frictional heating and material loss [2]. Consequently, the selection of the polymer
material is particularly important in contacts operating under boundary-lubricated or
temporarily dry conditions [3,4].

Polyether ether ketone (PEEK) is a high-performance thermoplastic used in demanding
tribological applications because of its mechanical strength, thermal stability, chemical
resistance, dimensional stability, and comparatively good wear resistance [3,5-8]. Neat
PEEK has been investigated under a wide range of dry and lubricated sliding conditions,
while modified PEEK grades have been developed to improve friction, wear resistance, load
support, and thermal performance [5-7,9-11]. Nevertheless, the tribological response of
PEEK is not determined by the polymer matrix alone. It also depends on contact pressure,
sliding velocity, temperature, counterface roughness and the type and distribution of
fillers [6,7,9-11].

Commercial bearing-grade PEEK materials commonly combine friction-modifying
and reinforcing fillers [12]. PTFE is introduced primarily to reduce interfacial shear, while
graphite is expected to support solid lubrication [5,6,10]. Carbon fibre increases stiff-
ness and load-carrying capacity and can alter the transport of frictional heat within the
composite [9,13-16]. The interaction of these additives may therefore affect not only the
coefficient of friction and wear behaviour but also the temperature measured beneath the
sliding surface. Because carbon-based fillers can form thermally conductive pathways
in a polymer matrix, the subsurface temperature of a carbon-fibre-containing composite
may reflect both frictional heat generation and heat transfer from the interface into the
specimen [15,16].

However, the tribological effects of PTFE, graphite, and carbon fibre are not necessarily
additive or universally beneficial. The sliding surface of a hybrid composite is heteroge-
neous and may contain locally exposed filler-rich regions, matrixfiller discontinuities, and
detached particles [17]. Previous studies have shown that the release of rigid particles
from carbon-fibre- and graphite-containing PEEK can change the tribological response
and promote abrasive or third-body interactions [10]. The effectiveness of solid lubricants
also depends on their distribution, retention in the matrix, and ability to participate in the
formation of a stable transfer layer [6,10,11]. Consequently, the presence of nominally lubri-
cating fillers does not guarantee that a hybrid PEEK grade will exhibit a lower coefficient
of friction than neat PEEK under every operating condition [6,7,9-11,13,14].

Although the dry sliding behaviour of PEEK and filled PEEK composites has been
widely studied, directly matched experimental data of commercial neat and hybrid bearing-
grade PEEK under identical polymer-steel contact conditions across several operating
regimes remain comparatively limited.

The aim of this study was to compare the steady-state dry-friction response of neat
PEEK and hybrid PEEK containing PTFE, graphite, and carbon fibre against 42CrMo4+QT
steel across six dry sliding operating conditions combining different nominal contact
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pressures and sliding velocities. Coefficient of friction was calculated from simultaneously
measured tangential and normal forces, while initial temperature, maximum subsurface
temperature, and baseline-normalised temperature rise were reported descriptively for
every specimen, and subsurface temperature was recorded continuously. Initial and post-
test surfaces were examined using optical and extended depth-of-field microscopy. It was
hypothesised that the PTFE- and graphite-containing hybrid formulation would reduce
steady-state friction relative to neat PEEK.

The comparison was based on three independently tested specimens for each material—-
condition combination, and statistical analysis was used to evaluate the steady-state COF
response across the investigated matrix. The surface observations were used qualitatively
to describe differences in post-test morphology.

2. Materials and Methods
2.1. Polyether Ether Ketone Materials

Two commercially available polyether ether ketone materials supplied by Réchling
Industrial Lahnstein SE & Co. KG (Lahnstein, Germany) were investigated: unfilled
SustaPEEK natural, hereafter referred to as neat PEEK, and SustaPEEK MOD black, here-
after referred to as hybrid PEEK. According to the manufacturer, SustaPEEK MOD black
is specifically developed as a high-performance sliding material and is recommended
for applications including bearings and bushings. This application-oriented designation,
together with its PTFE-, graphite-, and carbon-fibre-modified composition, provided the
basis for selecting the hybrid grade for comparison with neat PEEK under the investigated
journal-bearing-type sliding conditions [18]. The nominal compositions were not indepen-
dently verified by chemical analysis in the present study. The publicly available product
information confirms that SustaPEEK MOD black contains graphite, PTFE, and carbon
fibre and has a nominal density of 1.46 g/cm? [19]. The nominal material characteristics
are summarised in Table 1.

Table 1. Nominal PEEK material characteristics.

Characteristics Neat PEEK Hybrid PEEK
Density 1.30 g/cm3 1.46 g/cm3
Water absorption 0.2 Y% 0.2 Y%
Tensile modulus of elasticity 3.974 GPa 4.729 GPa
Yield stress 112 MPa 72 MPa
Tensile strength 112 MPa 66 MPa
Elongation at break 23.8 Y% 3.6 Y%
Notched impact strength 253 KJ/m? 35 kJ/m?2
Shore hardness 87 84
Ball indentation hardness 232 N/mm? 235 N/mm?
Melting temperature 344 °C 341 °C
Coefficient of linear thermal expansion 50 10~%/K 30 107%/K
Heat deflection temperature 152 °C 293 °C

Both materials were obtained as extruded semi-finished PEEK stock. Figure 1 shows
the surface appearance of the supplied bulk materials before machining of the ring-on-block
test specimens. The specimens used for tribological testing were subsequently machined
from this stock to the geometry described below. Neat PEEK exhibited a comparatively
uniform natural-coloured surface, whereas hybrid PEEK showed a darker and visibly
heterogeneous morphology associated with its multiphase composition. The row-like
surface features visible in the hybrid material were already present on the supplied bulk
material and were not produced during machining of the ring-on-block specimens. Their
exact origin was not investigated in the present study. Because individual phases were
not chemically identified, these images are described as surface morphology rather than
material microstructure.
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(b)

Figure 1. Surface appearance of the supplied bulk PEEK materials before machining of the ring-on-

block specimens, at 8 x magnification: (a) neat PEEK; (b) hybrid PEEK.

The specimens were machined from semi-finished stock into curved blocks suitable
for the ring-on-block configuration. The contact surface was machined with a nominal
concave radius of 17.5 mm to conform to the 35 mm outer diameter of the steel ring. The
complete specimen dimensions and tolerances are presented in Figure 2. The PEEK blocks
were manufactured from extruded rods using CNC turning and milling operations.
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Figure 2. Geometry of the machined PEEK specimen used for ring-on-block testing.

Before testing, the PEEK specimens were wiped with a clean, dry cloth to remove
loose particles and visible contamination. No solvent or ultrasonic cleaning was applied.

2.2. 42CrMo4+QT Steel Counterface

The counterface was manufactured from quenched and tempered 42CrMo4+QT steel.
Its mechanical properties and chemical composition are presented in Tables 2 and 3.
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Table 2. Mechanical properties of the 42CrMo4+QT steel counterface.
Properties Value
Tensile strength (20° C) 1035 MPa
Yield strength (20° C) 944 MPa
Relative elongation (20° C) 15.8 Y%
Relative shrinkage (20° C) 59.0 Y%
Impact strength (20° C) 80.7 J
Hardness 321 HB
Grain size 9.5 pm
Table 3. Chemical composition of 42CrMo4+QT steel, wt.%.
C Mn Si Cr Ni Cu Mo Cev
0.41 0.78 0.21 1.00 0.05 0.08 0.194 0.79

The steel counterface was manufactured as a dedicated ring specimen following the
general block-on-ring arrangement described in ASTM G77-17 (2022). This test configura-
tion uses a stationary block loaded against a rotating ring and permits variation in load,
rotational speed, lubrication, and material combination [20].

The ring had an outer diameter of 35.0 & 0.2 mm and a width of 12.0 £ 0.2 mm. Its
external radius matched the nominal concave radius of the PEEK specimen. The edges
were chamfered by 0.50 mm at 45° and deburred to minimise unintended cutting and
edge-loading effects. The steel rings were manufactured from steel rod by turning.

The sliding surface of each steel ring was prepared by turning operation. Across the
36 newly machined rings used for the confirmatory tests, the measured pre-test arithmetic
mean roughness ranged from Ra = 4.80 to 5.69 pm, with an overall mean 4 sample standard
deviation of Ra = 5.35 &= 0.26 pm. The same machining procedure was applied to the rings
used for comparative testing. The complete ring dimensions and tolerances are presented
in Figure 3.
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Figure 3. Geometry of the machined 42CrMo4+QT steel ring used for ring-on-block testing.

2.3. Ring-on-Block Tribological Testing
2.3.1. Tribological Pair and Test Configuration

Tribological tests were performed using an SMC-2 tribometer in a ring-on-block
configuration. A stationary neat or hybrid PEEK block was pressed against a rotating
42CrMo4+QT steel ring under a controlled normal load. The concave PEEK surface con-
formed to the external ring surface, producing a curved polymer-steel contact representa-
tive of a journal-bearing-type sliding interface [21]. The complete tribological-pair geometry
is presented in Figure 4.
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1

Figure 4. Ring-on-block test configuration comprising a rotating 42CrMo4+QT steel ring and
a stationary PEEK block.

The sliding velocity was calculated as:

niDn

v = <0 1)

where v is the sliding velocity in m/s, D is the external ring diameter in metres, and # is the
rotational speed in rpm.
The angular velocity of the ring was calculated as:

_ 271

=— 2
where w is the angular velocity in rad/s.
The nominal contact pressure was calculated as:
En
=1 ®)

P_AO

where p is the nominal contact pressure in MPa, Fy is the applied normal load in N, and Ay
is the nominal projected contact area in mm?.

Because the contact surfaces were conformal and curved, p represents a nominal
engineering pressure rather than the maximum local contact pressure.

The pressure—velocity parameter was calculated as:
PV = pv 4)

where PV is expressed in MPa-m/s.
The sliding distance was related to velocity and test duration as:

L:/Oivdt )

where L is the sliding distance in m and ¢ is the test duration in s.

Friction was measured with the modified SMC-2 in its non-shaft configuration. The
shaft-mounted torque transducer (T channel) was disabled. Tangential reaction force F; ;
was measured in the stationary-specimen reaction assembly using a SCAIME AG10F single-
point load cell (AG10 C3, 10 kg rated capacity, SCAIME, Juvigny, France; manufacturer-
specified combined error & 0.017% of full scale), while the simultaneous normal force F;, ;
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was measured through the loading lever using a SCAIME ZFA tension/compression load
cell (manufacturer-specified combined error 40.03% of full scale). The acquisition software
calculated the instantaneous coefficient of friction as y; = F; ;/Fy, ;. Both force channels were
sampled at 4 ms intervals, and the acquisition software stored the mean of 500 consecutive
samples, giving a nominal exported record interval of approximately 2.0 s. No additional
numerical smoothing or filtering was applied after export. Thus, the COF channel was
force-based and did not use either the rotating-ring radius or the configured passive-side
radius. Friction measurements and reporting followed general principles of ASTM G77-17
(2022) and ASTM G115-24 [20,22].
Consequently, the nominal test duration was:

L
b=+ (6)
The force-based COF relation can be written equivalently as [23]:

Fpi= piFni 7)

where Fy; is the measured tangential reaction force, y; is the instantaneous force ratio COF,
and Fy ; is the simultaneously measured normal force.
The auxiliary torque channel exported by the software was formed as [24]:

M; = Ff ;R = piFnN iR 8)

where M,; is the software-derived auxiliary torque and R = R, = 27.8 mm is the config-
ured passive-side radius. The 27.8 mm value was a software configuration parameter,
not the radius of the PEEK specimen or steel ring, and it did not enter the calculation
of y;. A numerical consistency check of the record showed that the exported T values
satisfied M; ~ p;Fy ;R within the displayed rounding precision, confirming that the radius-
dependent torque column was generated downstream from the force-ratio COF. Because
M; is only a deterministic transformation of Fy; (or y; and Fy ;) and the configured radius,
the exported torque and any frictional power derived from it were excluded from the
analysis and interpretation. More generally, the choice of friction-calculation method and
the underlying system representation can influence the resulting friction estimate [25].
ASTM G115-24 identifies consistent measurement and reporting of friction coefficients as
important for the comparability and long-term usefulness of tribological results [22]. Before
the test program, each force channel was calibrated by applying known static loads over
the intended working range and storing linear signal-to-force coefficients in the acquisition
software. Immediately before each test, force-channel zero offsets were established. The
working ranges encountered in this study were 60-400 N for normal force, approximately
3.1-51.2 N for tangential force, and 0.049-0.128 for specimen-level steady-state COF. The
AG10F nominal capacity was 10 kg (approximately 98.1 N). The exported files stored
normal force to 0.001 N and COF to five decimal places (increment 0.00001). These are
digital output increments and must not be interpreted as transducer resolution or measure-
ment accuracy. Between-specimen variability was characterised using the sample standard
deviation and confidence intervals from three independent tests. These statistics do not
represent the measurement uncertainty of the installed force-measurement chain.

2.3.2. Test Parameters and Experimental Programme

The normal load and rotational speed were selected to produce six nominal pressure—
velocity conditions within the operating capability of the SMC-2 tribometer. Four con-
ditions covered nominal pressures of 0.87-2.91 MPa and PV values of 0.3-1.3 MPa-m/s.
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Two additional conditions used an Felevated nominal pressure of 5.82 MPa at sliding
velocities of 0.26 and 0.55 m/s, producing PV values of 1.5 and 3.2 MPa-m/s, respectively.

Each material-condition combination was tested using three independently ma-
chined PEEK specimens. The experimental programme therefore comprised two materials,
six operating conditions, and three independent repetitions per combination, giving a total
of 36 dry sliding tests. Test parameters and repetition matrix are presented in Table 4.

Table 4. Dry ring-on-block test parameters and repetition matrix.

Regime PV Pressure, MPa Velocity, m/s Distance, m Repetitions
0.3 1.16 0.26 2000 3
Moderate (midrange of 0.4 0.87 0.46 2000 3
pressure and velocity) 0.8 1.75 0.46 2000 3
1.3 291 0.46 2000 3
Elevated pressure and 3.2 5.82 0.55 2000 3
midrange—low velocity 1.5 5.82 0.26 2000 3

2.3.3. Dry Sliding Conditions

All tests were performed under dry sliding conditions without intentional lubricant
application. Before each test, the PEEK block and steel ring were wiped using a clean, dry
cloth to remove loose particles and visible contamination. No solvent cleaning, ultrasonic
cleaning, or lubricant application was used. The same specimen preparation procedure was
applied to both materials and all operating conditions. A new ring was used for each test.

2.3.4. Subsurface Temperature Measurement

Subsurface temperature was measured using a thermocouple inserted into a blind
hole drilled from the side of the PEEK specimen. The hole had a nominal diameter of 3 mm
and extended approximately to the midpoint of the specimen width. The thermocouple
measuring junction was positioned approximately 3 mm beneath the sliding surface.

The thermocouple remained in the hole throughout the complete test. Temperature
was recorded continuously in real time together with the COF and normal-load signals.
Testing was conducted under normal laboratory ambient conditions. The laboratory journal
recorded from 18 to 22 °C and 48% relative humidity during the testing. The tribometer
was not operated in a dedicated climatic chamber.

For every specimen, the baseline-normalised maximum subsurface temperature rise
was defined as:

ATmax,j = Tmux,j - TO,j )

where T, ; is the maximum recorded subsurface temperature and Ty is the initial tem-
perature for specimen j.

For descriptive analysis of an available temperature time history, the mean steady-state
subsurface temperature was calculated as:

™M=

= 1
T.

Y T; (10)

1

where Tj; is the measured subsurface temperature at data point i within the selected
steady-state interval.
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Where heating-rate analysis is required, the average rate of subsurface temperature
increase up to the maximum measured temperature can be estimated as:

Tmux, i TO,'
] ]

Bj = (11)

tmux,j - tO,j
where f; is expressed in °C/s.
Equation (14) is preferable to dividing temperature rise by the complete test duration
because the time at which the maximum temperature occurs may differ among specimens.
The measured temperature represents a subsurface specimen temperature rather than
an instantaneous flash temperature at the sliding interface.

2.3.5. Mass-Change Measurement

The PEEK specimens were weighed before and after testing using a KERN EG
420-3NM precision balance (KERN & SOHN GmbH, Balingen, Germany) with a readability
of 0.001 g and stated linearity of £ 0.003 g.

Before weighing, specimens were wiped with a clean, dry cloth to remove loose
particles and visible contamination. No solvent cleaning, ultrasonic cleaning, or elevated-
temperature drying was applied.

Mass change was calculated as:

Am]' = Mp,j — My, (12)

where m; and m j are the specimen masses before and after testing, respectively.
The relative mass change can be expressed as:
0j

m mq ;
0T 400% (13)

Am%,j = o,

Because the observed mass changes were comparable with the stated balance linearity,
gravimetric results were treated as supporting observations and were not used to calculate
specific wear rates.

2.4. Optical and Extended Depth-of-Field Surface Characterisation

The initial and worn PEEK surfaces were examined using a Nikon DS-Ri2 digital
camera mounted on a Nikon Eclipse LV100ND optical microscope (Nikon Europe B.V.,
Amstelveen, The Netherlands). Images were acquired at nominal magnifications of 8x
and 10x.

Because the sliding surfaces were curved and exhibited local height variation, image
stacks were acquired at different focal positions and combined using the extended depth-of-
field method. This produced images in which surface regions at different heights remained
simultaneously in focus.

The images were used to evaluate:

Initial optical heterogeneity;
Direction surface grooves;
Grooves and depressions;
Comparatively smooth regions;
Local height variation;

Other visible topographical changes.

Three-dimensional surface reconstructions and profile plots were generated from the
extended depth-of-field image stacks where suitable data were available.
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No elemental or chemical mapping was performed. Individual optical features
were therefore not definitively assigned to graphite, PTFE, or carbon fibre solely from
their appearance.

The EDF images were not used to identify wear debris, transferred material, or transfer
films, and the steel counterfaces were not characterised after testing.

2.5. Data Processing and Statistical Analysis
2.5.1. Steady-State Interval

The recorded COF and temperature curves were inspected to distinguish the initial
running-in stage from the subsequent stable sliding stage. For consistency, the steady-state
interval was defined as the final 20% of the valid recorded sliding distance for each test.

Before averaging, each curve was inspected to confirm that this interval did not contain
an abrupt transition, continuing systematic drift, test termination, or another non-steady
event. Shutdown and post-test cooling portions were excluded.

2.5.2. Specimen-Level Mean Values

For each individual specimen j, the mean steady-state coefficient of friction was
calculated as:

1y
Hi= N; Hij (14)

where y; ; is the instantaneous COF at data point i.

The arithmetic mean in Equation (14) is appropriate because the force-ratio COF
samples were recorded at a uniform interval. Each specimen-level mean was calculated
directly from the COF channel; torque and frictional power were not analysed.

Each specimen-level value represented one independent experimental result. The
real-time points within a single test were not treated as independent repetitions.

2.5.3. Group Mean and Variability

For each combination of material and operating condition, three independent
specimen-level values were available.
The group mean was calculated as:

X =

S|

n
Y X;, n=3 (15)
j=1

where X; represents the specimen-level value of COF, temperature, or temperature rise.
The sample standard deviation was calculated as:

" (X - X)
s = 21‘11(1’1 ) (16)

and the coefficient of variation was calculated as:
CV = 2.100% (17)
X
The standard error of the mean was calculated as:

SE = (18)

Vn
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The two-sided 95% confidence interval for the group mean was calculated as:

Closy, = X =+ to.9750-1 (19)

s
NG
For n = 3, the degrees of freedom are n — 1 = 2, and the corresponding t-multiplier
is approximately 4.303. Consequently, confidence intervals will be relatively wide for
tribology results.
Results are reported as:
X+s

with 95% confidence intervals included in the figures or Supplementary tables
where appropriate.

2.5.4. Relative Difference Between Hybrid and Neat PEEK

For each operating condition, the relative difference between hybrid and neat PEEK
was calculated as:

N

where Xy and Xy are the group means for hybrid and neat PEEK, respectively.

A positive value indicates that hybrid PEEK produced a higher response, whereas
a negative value indicates a lower response.

This equation was used to report percentage differences in steady-state COF and
maximum subsurface temperature rise.

2.5.5. Two-Factor Statistical Analysis

The effects of material and operating condition on steady-state COF were evaluated
using a two-factor fixed-effects analysis of variance (ANOVA) [26]. Material was treated
as a categorical factor with two levels (neat PEEK and hybrid PEEK), while operating con-
dition was treated as a categorical factor with six levels corresponding to the investigated
pressure—velocity combinations. Three independent specimen-level steady-state COF val-
ues were available for each material-condition combination (n = 3). Operating condition
was treated as a categorical factor because pressure and sliding velocity changed simul-
taneously among the six conditions and were not varied independently in a full factorial
arrangement. Temperature variables were not included in this inferential model; T¢, Tiuax,
and AT were reported for every specimen and summarised descriptively as mean + sample
standard deviation for each material-condition combination.

The COF analysis used the 36 unrounded specimen-level steady-state means retained
to five or six decimal places. All 36 planned confirmatory COF observations were included,
and no statistical exclusions were applied. The temperature dataset likewise contained
Ty and Ty for all 36 specimens; AT was calculated as Ty — T without imputation
and analysed descriptively. Preliminary pilot pairs used only to observe machine and
configuration behaviour were defined before the confirmatory programme and were not
part of the 36-test analytical dataset. Complete specimen-level COF, Ty, Tix, and AT
values are provided in Supplementary File S1. Specimen identifiers followed the format PV
number_PEEK type_repetition number. Tests were performed sequentially in the prepared
specimen series; no formal randomisation or blocking was used. Each independent PEEK
block was tested against its own newly machined steel ring to prevent carry-over of
transferred film between tests.

https:/ /doi.org/10.3390/ coatings16091012


https://doi.org/10.3390/coatings16091012

Coatings 2026, 16, 1012

12 of 27

Consequently, the present experimental design does not permit the independent effects
of pressure and sliding velocity, or their interaction, to be estimated, and no attempt was
made to model these effects separately:

Yijk =po+M;+Cj+ (MC)Z-]- + Eijk (21)

where Y is the specimen-level steady-state COF for repetition k, y is the overall mean,
M; is the effect of material 7, C; is the effect of operating condition j, (MC);; is the material x
operating condition interaction effect, and ¢;j is the residual error.

Planned COF comparisons between neat PEEK and hybrid PEEK were performed
separately for each operating condition. The six resulting p-values were adjusted using the
Holm method. Statistical significance was defined as p < 0.05, and effect magnitude for the
COF ANOVA terms was quantified using partial eta squared (nizg).

The magnitude of each ANOVA effect can be expressed using partial eta squared [27]:

2 _ Sseffect
P Sseffect + SSerror

n (22)
where SSeﬁed is the sum of squares associated with the evaluated effect and SS,;,, is the
corresponding residual sum of squares.

Residual normality and variance behaviour were assessed graphically using quantile—
quantile and residual versus fitted plots. Because only three independent repetitions were
available per material-condition combination, formal assumption tests were not interpreted
in isolation.

3. Results
3.1. Overview of the Dry Sliding Results

The dry ring-on-block test programme covered nominal PV values from 0.3 to
3.2 MPa-m/s, contact pressures from 0.87 to 5.82 MPa, and sliding velocities from 0.26 to
0.55 m/s. The steady-state COF and maximum subsurface temperature values obtained
from the three independent tests for each material-condition combination are presented in
Tables 5 and 6. Initial temperatures and baseline-normalised rises for every specimen are
provided in Supplementary File S1.

The unrounded group mean steady-state COF values ranged from 0.051958 to 0.122637.
The lowest group mean was obtained for neat PEEK at PV = 0.3 MPa-m/s, whereas the
highest was obtained for hybrid PEEK at PV = 1.5 MPa-m/s. Hybrid PEEK exhibited
a higher numerical group mean COF than neat PEEK in all six operating conditions. Based
on the unrounded group means, the relative differences ranged from approximately 1.53%
to 8.36%.

The group mean absolute maximum subsurface temperatures ranged from 21.8 to
36.0 °C (Table 6). Starting temperatures differed among specimens and conditions; con-
sequently, Ty, was not interpreted alone as a material-condition response. Initial tem-
peratures, Ty, values, and baseline-normalised rises for all 36 specimens are provided in
Supplementary File 51, with condition-level descriptive summaries in Table 9.
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Table 5. Dry ring-on-block steady-state COF results from three independent tests for each material-
condition combination within the investigated PV range.

Neat PEEK Hybrid PEEK
PV, MPa-m/s
Steady-State COF
Repl Rep2 Rep3 Repl Rep2 Rep3
0.3 0.052 0.049 0.054 0.056 0.054 0.058
0.4 0.055 0.052 0.058 0.058 0.059 0.057
0.8 0.095 0.098 0.092 0.098 0.096 0.101
1.3 0.098 0.095 0.101 0.102 0.105 0.101
1.5 0.120 0.124 0.117 0.122 0.117 0.128
32 0.095 0.091 0.099 0.098 0.100 0.097
Note: Repl-Rep3 represent three independent tests performed using independently machined PEEK
specimens. The steady-state COF values are the mean values calculated over the selected steady-state
interval for each individual test. Group means and sample standard deviations calculated from these
repetitions were used in the statistical analysis. The COF values are displayed to three decimal places
for readability; all statistical calculations used the corresponding unrounded specimen-level values
in Supplementary File S1.
Table 6. Dry ring-on-block maximum temperature results from three independent tests for each
material-condition combination within the investigated PV range.
Neat PEEK Hybrid PEEK
PV, MPa-m/s Tinax, °C
Repl Rep2 Rep3 Repl Rep2 Rep3
0.3 225 21.8 23.2 21.8 21.2 22.3
0.4 23.8 22.7 24.8 22.6 21.8 23.3
0.8 34.5 33.7 35.2 32.8 31.8 33.7
1.3 32.8 32.0 33.5 30.6 29.5 31.7
1.5 36.0 35.2 36.9 35.6 34.8 36.5
3.2 34.2 33.5 35.2 32.8 32.2 33.4

Note: Tyx represents the maximum measured subsurface temperature for each individual test.

3.2. Initial Surface Morphology

Before tribological testing, neat and hybrid PEEK exhibited distinctly different opti-
cal surface morphologies. Hybrid PEEK showed a heterogeneous, high-contrast surface
containing irregularly distributed light and dark regions, whereas neat PEEK appeared
comparatively uniform over the same observation area, as shown in Figures 5 and 6.

The 3D EDF reconstruction of hybrid PEEK showed an undulating surface with an
approximate peak-to-valley height variation of 8-9 um along the selected transverse profile,
as presented in Figure 5. This selected-path range describes local height variation and
surface pattern. No deep isolated defects, cracking, or extensive pre-test material pull-out
were visible.

The neat PEEK surface showed a more visually homogeneous but continuously un-
dulating profile, as presented in Figure 6. The approximate peak-to-valley variation was
10-11 pm.
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Figure 5. Initial surface topography of hybrid PEEK after turning operation: (a) 3D EDF reconstruc-

tion, with the blue line indicating the path used for profile extraction; (b) corresponding transverse

surface profile extracted along the blue line shown in (a).
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Figure 6. Initial surface topography of neat PEEK after turning operation: (a) 3D EDF reconstruction,
with the blue line indicating the path used for profile extraction; (b) corresponding transverse surface
profile extracted along the blue line shown in (a).

The selected profiles showed local peak-to-valley height variations of the same order,
whereas hybrid PEEK displayed considerably greater optical heterogeneity. Therefore,
the initial comparison is restricted to local height variation, optical heterogeneity, and the
spatial pattern of the selected profiles.
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3.3. Coefficient of Friction Under Dry Sliding
3.3.1. Response Across the Investigated Conditions

The mean steady-state dry sliding COF values calculated from the unrounded results
of three independent tests are presented in Figure 7. Hybrid PEEK exhibited a higher
numerical mean COF than neat PEEK in all six operating conditions. The largest relative
difference between the group means occurred at PV = 0.3 MPa-m/s (8.36%), whereas the
smallest occurred at PV = 1.5 MPa-m/s (1.53%).

0.14
5
S 0.12 T
g 0.1 = = =
-2 0.08
S
3 0.06
c
.9 0.04
9
i
S 0.02
o
O

0

0.3 0.4 0.8 13 1.5 32

PV, MPa-m/s

B Neat PEEK ® Hybrid PEEK

Figure 7. Mean steady-state dry sliding coefficient of friction of neat and hybrid PEEK under the inves-
tigated operating conditions. Error bars indicate the sample standard deviation of three independent
tests (n = 3).

For both materials, the mean COF increased from the lower-severity conditions at
PV =0.3-0.4 MPa-m/s to the conditions at PV = 0.8-1.5 MPa-m/s. The highest mean COF
was recorded at PV = 1.5 MPa-m/s, where the unrounded group means were 0.120787 for
neat PEEK and 0.122637 for hybrid PEEK. At PV = 3.2 MPa-m/s, the corresponding mean

values decreased to 0.095311 and 0.098570, respectively.

The two-factor fixed-effects ANOVA results are presented in Table 7. Significant effects
of material (F(1,24) = 11.00, p = 0.0029) and operating condition (F(5,24) = 456.51, p < 0.001)

were identified, whereas the material x operating condition interaction was not significant

(F(5,24) = 0.149, p = 0.978). The effect magnitude associated with operating condition

was substantially greater than that associated with materials. The residual-versus-fitted

and normal quantile-quantile plots in Figure 8 show no pronounced systematic pattern or
marked departure from approximate normality.

Table 7. Two-factor fixed-effects ANOVA for steady-state COF.

Effect df;, df; F p-Value Partial 1]’2,
Material 1,24 11.00 0.003 0.314
Operating condition 5,24 456.51 <0.001 0.990
Material x operating condition 5,24 0.149 0.978 0.030

The estimated marginal mean COF was 0.086149 for neat PEEK and 0.089536 for

hybrid PEEK. The overall hybrid-minus-neat difference was +0.003388 COF units (95% CI

0.001279-0.005496), corresponding to 3.93% of the neat PEEK marginal mean. This is
an overall model-based contrast across the six operating conditions and is not evidence of
a significant material difference in each individual condition.
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Figure 8. Residual diagnostics for the two-factor fixed-effects ANOVA based on unrounded specimen-
level COF values: (a) standardised residuals versus fitted COF values; (b) normal Q-Q plot of the
standardised residuals. Orange markers represent neat PEEK, and blue markers represent hybrid
PEEK; dashed lines indicate the zero-residual and fitted normal-reference lines, respectively.
Planned comparisons between neat and hybrid PEEK were performed separately
for each operating condition. The results are presented in Table 8. Although the mean
COF of hybrid PEEK was numerically higher in all six conditions, none of the individ-
ual neat-hybrid comparisons reached statistical significance after Holm correction for
multiple comparisons.
Table 8. Comparisons of steady-state COF between neat and hybrid PEEK in each operating condition.
. Unadjusted 95%
PV, MPa-m/s Neat PEEK Hybrid PEEK Hybrid—Neat CI for Mean Unadjustedp  Holm-Adjusted p
Mean COF Mean COF .
Difference
0.3 0.0520 0.0563 +0.0043 —0.0008 to 0.0095 0.095 0.521
0.4 0.0553 0.0583 +0.0030 —0.0022 to 0.0081 0.250 0.721
0.8 0.0952 0.0987 +0.0035 —0.0017 to 0.0086 0.180 0.721
1.3 0.0983 0.1028 +0.0045 —0.0007 to 0.0096 0.087 0.521
1.5 0.1208 0.1226 +0.0019 —0.0033 to 0.0070 0.467 0.721
32 0.0953 0.0986 +0.0033 —0.0019 to 0.0084 0.205 0.721

Note: Mean differences were calculated as hybrid PEEK minus neat PEEK; positive values indicate
higher COF for hybrid PEEK. Confidence intervals were calculated using the pooled residual variance
of the two-factor ANOVA and were not adjusted for multiple comparisons. p-values were adjusted
for six planned comparisons using the Holm method.

Thus, although the two-factor fixed-effects ANOVA identified a statistically significant
overall material effect and hybrid PEEK exhibited a higher numerical mean COF in all six
operating conditions, none of the condition-specific neat-hybrid differences were statisti-
cally significant after Holm correction. The statistical results therefore support an overall
material-related difference across the experimental programme, without demonstrating
a significant neat-hybrid difference in any single operating condition.

3.3.2. Representative Response at PV = 0.8 MPa-m/s

At PV = 0.8 MPa-m/s, the unrounded group mean COF was 0.095217 for neat PEEK
and 0.098670 for hybrid PEEK, corresponding to a 3.63% difference.
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Coefficient of Friction (COF)
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The direct material comparison was performed at:
p=175MPa, v =046 m/s, PV =0.8 MPa-m/s.

Representative raw records were selected to illustrate running-in and steady-state
behaviour in Figure 9. The actual mean loads in these records were 123.92 N for neat PEEK
and 123.84 N for hybrid PEEK, while the corresponding mean rotational speeds were 256.43
and 256.29 rpm, respectively. The differences in load and speed were below 0.1%.
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Figure 9. Representative evolution of the force-ratio COF with sliding distance at PV = 0.8 MPa-m/s,
p=1.75MPa, and v = 0.46 m/s: (a) neat PEEK; (b) hybrid PEEK. Each panel represents one individual
test record selected to illustrate the temporal friction response.

The relative difference in actual normal load was:

_123.84 —123.92

= -100% = —0.06% 2
Ey 5392 00% = —0.06% (23)

The two records were therefore considered mechanically comparable.

Within the final 20% of the valid representative records, the mean force-ratio COF
values were 0.09403 for neat PEEK and 0.09651 for hybrid PEEK. These values represent
individual time-series records and should not be substituted for the n = 3 group means.

The mean steady-state COF values calculated from the final 20% of the recovered
signals were:

Tyonr = 0.09403,

and:

The absolute difference was:

AV = ﬁhybrid ~ Pneat = 0.00248 (24)
The relative difference was calculated as:

5}[ _ ‘uhybrﬁi ~ Hneat 100% (25)

Hneat
giving:
~0.09651 — 0.09403

= 100% = 2.64%
On 0.09403 00% 64%
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In the selected representative records, hybrid PEEK showed a 2.64% higher steady-
state COF than neat PEEK.

Both materials exhibited an initial running-in increase followed by a comparatively
stable friction response. No abrupt frictional transition or seizure was observed before test
termination.

3.4. Steady-State Friction Stability

Within the selected steady-state portions of the representative PV = 0.8 MPa-m/s
records, the temporal COF standard deviations were 0.00071 for neat PEEK and 0.00067
for hybrid PEEK. The corresponding temporal coefficients of variation were 0.76% and

0.69%, respectively.

For each representative record, the temporal coefficient of variation was calculated as:

1 100°
CVy = —=-100% (26)

H

For neat PEEK: 0.00071

CVyneat = 70:09403 -100% = 0.76%
For hybrid PEEK:

0.00067

CV nybria = m-mo Yo = 0.69%

Both values were below 1%, indicating low short-term relative variability within the
selected representative records. These temporal values describe signal stability within
individual tests and do not represent repeatability among the three independently tested
specimens, and these within-record temporal statistics are not estimates of transducer
accuracy and were not used to resolve the condition-specific material differences.

3.5. Subsurface Temperature Response

The maximum subsurface temperatures across the dry sliding test matrix remained
below 37 °C. At PV = 0.8 MPa-m/s, the mean maximum temperature calculated from three
independent tests was 34.5 £ 0.8 °C for neat PEEK and 32.8 £ 1.0 °C for hybrid PEEK.
Starting temperatures differed among specimens and operating conditions; therefore,
absolute T,y values were not used to rank the materials. After baseline normalisation,
hybrid PEEK showed a higher mean AT in three operating conditions and a lower mean AT
in three conditions. The descriptive thermal response consequently showed no consistent
material-related direction.

Every replicate is provided in Supplementary File S1, and Table 9 summarises the
condition-level means and sample standard deviations. Ty ranged from 18.2 to 22.3 °C.
Hybrid PEEK showed a higher mean AT in three conditions and a lower mean AT in
three conditions; accordingly, no consistent material thermal advantage is inferred.

Values are mean + sample standard deviation (n = 3 independent specimens per
material-condition combination). The complete replicate-level values are provided in
Supplementary File S1. At PV = 0.8 MPa-m/s, the mean initial temperatures across
three specimens were 22.0 £ 0.2 °C for neat PEEK and 18.5 + 0.4 °C for hybrid PEEK,
while the corresponding mean maximum temperatures were 34.5 & 0.8 and 32.8 = 1.0 °C,
respectively. The temperature rises relative to the respective initial values (21.0° C for
neat PEEK and 18.7° C for hybrid PEEK) shown in Figure 10 were, therefore, 13.5 and
14.1 °C, respectively:

ATwmax = Tmax — To (27)
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Table 9. Descriptive summary of initial subsurface temperature, maximum temperature, and baseline-
normalised temperature rise for neat and hybrid PEEK.

Neat PEEK Hybrid PEEK
PV, MPa-m/s
Ty, °C Tinax, °C AT, °C To, °C Tiax, °C AT, °C
0.3 21.6 £04 22.5+0.7 09+0.3 20.0£0.2 21.8 £ 0.6 1.7+ 0.6
0.4 208 +£1.2 23.8 £ 1.1 3.0+£21 211 +£1.1 22.6 £0.8 1.5+1.8
0.8 22.0+£0.2 34.5£0.8 124 +£ 0.8 18.5+ 0.4 328 £1.0 142 +1.1
1.3 21.6 £0.6 328 £0.8 112+ 0.3 204 £0.6 30.6 £1.1 102 £ 1.6
1.5 22.0+£04 36.0 £0.9 14.1+1.0 21.1+£0.6 35.6 £0.9 145+ 1.5
3.2 19.8 £ 0.1 343+09 145+ 0.8 209 £1.2 32.8 £ 0.6 119+ 1.8
40 16
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Figure 10. Representative subsurface thermal response at PV = 0.8 MPa-m/s, p = 1.75 MPa, and
v =0.46 m/s: (a) absolute temperature as a function of sliding distance; (b) temperature rise relative
to the initial specimen temperature. Each curve represents one individual test record selected to
illustrate temporal evolution and is not a group mean.

For neat PEEK:
ATmax,neat =345-21.0=135°C

For hybrid PEEK:
ATmax,hybrid =328—-187=14.1°C

The representative-record difference in temperature rise was only 0.6 °C. At the group
level, for PV = 0.8 MPa-m/s, the descriptive means differed by 1.8 °C in the opposite
direction to the absolute T,y difference: hybrid PEEK had the lower T,y but the higher
baseline-normalised rise. It is therefore not interpreted as evidence of a material-dependent
difference in temperature rise. The representative records are used only to illustrate the
temporal evolution of subsurface temperature during sliding.

Across the complete test matrix, maximum subsurface temperatures remained below
37 °C, and no rapid or uncontrolled temperature escalation was observed within the
recorded dry sliding interval. The measured values therefore indicated a stable subsurface
thermal response under the analysed moderate condition.
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3.6. Gravimetric Results

The individual specimen mass measurements showed no displayed change for neat
PEEK in any of the six dry sliding conditions and no displayed change for hybrid PEEK
at PV =0.3, 04, 0.8, and 1.3 MPa-m/s. For these specimens, the recorded mass before
and after testing was identical at the 0.001 g readability of the balance, corresponding to
Am =0.000 g. At PV =1.5 and 3.2 MPa-m/s, hybrid PEEK showed an apparent decrease
from 1.307 to 1.306 g, corresponding to Am = 0.001 g for each specimen, whereas neat PEEK
remained unchanged at 1.314 g before and after testing.

The observed mass changes therefore ranged from 0 to 0.001 g and were all within the
stated measurement capability of the balance (readability of 0.001 g and a stated linearity
of & 0.003 g). Accordingly, a displayed mass change of 0.000 g should not be interpreted
as an absence of microscopic material loss, while the apparent 0.001 g decrease observed
for hybrid PEEK at PV = 1.5 and 3.2 MPa-m/s is insufficient to establish greater wear than
neat PEEK. The gravimetric results were therefore treated as supporting observations only
and were not used to calculate specific wear rates or quantitatively rank the materials.

3.7. Post-Test Surface Appearance

Post-test EDF surface reconstructions obtained after dry ring-on-block sliding at
PV = 3.2 MPa-m/s, corresponding to a nominal pressure of 5.82 MPa and a sliding velocity
of 0.55 m/s, are presented in Figure 11. Both materials exhibited directional surface features
aligned predominantly with the sliding direction. Hybrid PEEK showed relatively broad
and visually smooth regions interrupted by locally pronounced grooves and depressions.
By contrast, neat PEEK exhibited a denser and more continuous pattern of fine, approx-
imately parallel sliding marks. No extensive cracking, fragmentation, or gross material
removal was visible within the analysed areas.

() (b)

Figure 11. Post-test EDF surface reconstructions after dry ring-on-block sliding at PV = 3.2 MPa-m/s,
p =5.82 MPa, and v = 0.55 m/s: (a) hybrid PEEK; (b) neat PEEK.

The corresponding surface-height profiles are shown in Figure 12. Both profiles
covered an evaluation length of approximately 1.174 mm. The selected hybrid PEEK profile
exhibited a local peak-to-valley height range of approximately 17.97 um, whereas the neat
PEEK profile showed a lower range of approximately 8.73 pm. Thus, neat PEEK showed
a greater density of fine surface marks, while hybrid PEEK exhibited larger local height
variations. The profiles also permit qualitative inspection of groove and depression depths
relative to adjacent profile levels and of the overall spatial pattern.

No additional surface levelling, form removal, or roughness filtering was applied to
the displayed EDF-derived profiles. The evaluation lengths were approximately 1.174 mm,
with local peak-to-valley height ranges of approximately 17.97 um for hybrid PEEK and
8.73 um for neat PEEK. Accordingly, these profiles represent local height variation along
the selected paths rather than standardised roughness or wear-depth measurements; the

https://doi.org/10.3390/coatings16091012


https://doi.org/10.3390/coatings16091012

Coatings 2026, 16, 1012

21 of 27

determination of Ra, Rq, or areal roughness parameters would require appropriate levelling,
form removal, filtering, and evaluation of multiple representative regions.
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Figure 12. Surface-height profiles extracted from selected paths of the post-test EDF reconstructions
after dry sliding at PV = 3.2 MPa-m/s, p = 5.82 MPa, and v = 0.55 m/s: (a) hybrid PEEK; (b) neat PEEK.
The profiles represent individual selected paths and are intended for qualitative comparison of local
height variation rather than as standardised whole-surface roughness or wear-depth measurements.

4. Discussion
4.1. Friction Response and Working Hypothesis

The working hypothesis was that the addition of PTFE, graphite, and carbon fibre
would reduce the steady-state friction of PEEK during dry sliding against steel. The
results did not support this hypothesis. Hybrid PEEK exhibited a higher numerical mean
steady-state COF than neat PEEK in all six investigated operating conditions, with relative
differences of approximately 1.53-8.36% based on the unrounded group means.

The two-factor analysis identified a statistically significant overall effect of material on
steady-state COF (p = 0.0029, nf, = (0.314), while the material x operating condition interac-
tion was not significant (p = 0.978). The estimated overall hybrid-minus-neat difference
was +0.003388 COF units (95% CI 0.001279-0.005496). However, none of the six individual
neat-hybrid comparisons reached statistical significance after Holm correction; the smallest
adjusted p-value was 0.521. This indicates that the material-related difference was generally
consistent in direction across the investigated operating conditions. However, none of the
individual neat-hybrid comparisons reached statistical significance after Holm correction
for multiple comparisons. The results should therefore not be interpreted as demonstrating
a statistically significant material difference in each individual operating condition. Instead,
they indicate a consistent overall tendency towards higher COF for hybrid PEEK across
the complete experimental matrix. Friction depends on filler concentration and distri-
bution, matrix—filler adhesion, counterface condition, particle release, and transfer-layer
development [5,6,9,11].

PTFE and graphite can reduce interfacial shear, but their effectiveness depends on
the surrounding matrix, other fillers, and operating conditions [6,9,28]. Carbon-fibre rein-
forcement may improve stiffness and load support while also producing local mechanical
interaction when fibre-containing regions are exposed. Studies of carbon-modified PEEK
similarly show that tribological behaviour results from the coupled effects of filler structure,
loading, and temperature rather than filler identity alone [10,11,13,14,28].

The results therefore should not be interpreted as showing that hybrid PEEK is gener-
ally inferior to neat PEEK. Although the two-factor analysis identified a significant overall
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material effect towards higher COF, none of the condition-specific neat-hybrid compar-
isons were significant after Holm adjustment. The findings instead show that the expected
dry-friction benefit of the solid-lubricant-containing hybrid formulation was not realised
under the investigated conditions.

4.2. Surface Appearance

Initial EDF observations showed that hybrid PEEK was optically more heterogeneous
than neat PEEK. The selected EDF profiles provide information on local height ranges and
spatial pattern, but such a difference therefore cannot be explained simply by appearance.
The steel-ring counterfaces were separately measured at Ra = 4.80-5.69 pm and were
produced using the same machining procedure; counterface roughness was therefore
treated as a preparation characteristic rather than an independently varied experimental
factor [23]. The observed heterogeneity may reflect differences between matrix- and filler-
containing regions; however, the individual optical features could not be assigned to
specific filler phases by EDF microscopy alone [29].

During running-in, differences between the PEEK matrix and reinforcing or lubricating
phases have been reported to result in non-uniform deformation, local filler exposure, and
the release of composite fragments [30]. Previous studies have shown that the tribological
response of carbon-fibre- and graphite-containing PEEK depends strongly on particle
release, movement, and incorporation into the transfer layer [9,11,13,14]. After testing, neat
PEEK exhibited a denser pattern of fine, approximately parallel marks, whereas hybrid
PEEK showed comparatively smoother intervening regions interrupted by fewer but locally
deeper features. These mechanisms are therefore considered possible interpretations of the
present surface observations rather than processes directly identified by EDF microscopy.

Filler exposure, fragment release, third-body action, transferred material, and
trans-fer-layer formation are possible mechanisms discussed in the literature for PEEK
composites [31].

The post-test topography indicates that the higher numerical COF of hybrid PEEK
did not correspond directly to a greater density of visible sliding grooves [32]. Neat PEEK
exhibited numerous fine and approximately parallel marks, which are morphologically
consistent with shallow scratching or ploughing of the unreinforced polymer matrix [33,34].

Hybrid PEEK showed larger visually smooth regions but also greater local peak-to-
valley variation. Particle release and local interaction near carbon fibres have been reported
for reinforced PEEK composites and can influence both friction and surface evolution [35].
The larger local peak-to-valley range observed for hybrid PEEK is therefore not necessarily
inconsistent with reinforcement; rather, it may reflect more localised surface modification
associated with the heterogeneous filler-containing structure.

The visually smoother appearance of parts of the hybrid PEEK track should not nec-
essarily be interpreted as evidence of lower wear. Apparent surface smoothness does
not always correlate directly with PEEK material loss because contact pressure, poly-
mer morphology, counterface condition, and operating parameters also influence surface
evolution [36,37].

4.3. Subsurface Thermal Response

Across the investigated operating condition matrix, maximum subsurface temper-
atures remained below 37 °C and did not indicate severe thermal instability. Because
pressure and sliding velocity were changed simultaneously among the tested conditions
and were not varied independently in a full factorial arrangement, their individual contribu-
tions to frictional and thermal responses cannot be separated from the present dataset. The
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temperature results are therefore interpreted as responses to the specific tested operating
conditions rather than as independent effects of pressure or velocity [38].

Hybrid PEEK exhibited a lower numerical mean T,y than neat PEEK in all six op-
erating conditions. This tendency was also observed at the two highest-load conditions,
both performed at 400 N. At PV = 1.5 MPa-m/s, the mean T, values were approximately
36.0 °C for neat PEEK and 35.6 °C for hybrid PEEK, whereas at PV = 3.2 MPa-m/s, they
were approximately 34.3 and 32.8 °C, respectively. At PV = 0.8 MPa-m/s, the group mean
maximum temperatures obtained from three independent tests were 34.5 &+ 0.8 °C for neat
PEEK and 32.8 & 1.0 °C for hybrid PEEK.

However, the absolute T values should not be interpreted directly as evidence
of a material-dependent difference in heat generation or thermal conductivity. In the
representative PV = 0.8 MPa-m/s records, the temperature rises relative to the respective
initial specimen temperatures were 13.5 °C for neat PEEK and 14.1 °C for hybrid PEEK. The
resulting difference in temperature rise was only 0.6 °C and occurred together with a 2.3 °C
difference in the initial specimen temperatures. It is therefore not considered evidence of
a material-dependent difference in temperature rise.

The specimen-level dataset confirms that absolute T,y values cannot be used to
rank the materials because starting temperatures differed among specimens and condi-
tions. After baseline normalisation, hybrid PEEK showed a higher mean AT than neat
PEEK at PV =0.3, 0.8, and 1.5 MPa-m/s and a lower mean AT at PV = 0.4, 1.3, and
3.2 MPa-m/s. The descriptive response therefore had no consistent direction across the six
operating conditions.

At PV = 0.8 MPa-m/s, the mean T values were 22.0 °C for neat PEEK and 18.5 °C
for hybrid PEEK, while the mean Ty, values were 34.5 and 32.8 °C, respectively. The
corresponding mean AT values were 12.4 and 14.2 °C, respectively. Thus, the lower absolute
Tnax for hybrid PEEK coincided with a lower starting temperature and did not demonstrate
a lower baseline-normalised rise.

The thermocouple was positioned approximately 3 mm below the sliding surface,
and the measured temperature consequently reflected the combined effects of frictional
heat generation, heat conduction through the polymer, heat partition into the steel ring,
and heat losses to the surroundings. Carbon fibre and graphite can enhance thermal
transport in PEEK-based composites, although the effective response depends on filler
orientation, dispersion, connectivity, and interfacial thermal resistance [15,16]. Therefore,
the descriptive temperature response is not interpreted as evidence of enhanced heat
transport, higher thermal conductivity, or a specific heat-transfer mechanism in hybrid
PEEK. Direct measurement of thermal conductivity and interfacial temperature would be
required to establish this mechanism conclusively.

4.4. Engineering Implications, Limitations, and Future Research

The results show that classification as a bearing-grade hybrid PEEK does not au-
tomatically imply lower dry friction. Hybrid formulations are commonly designed to
balance friction, wear resistance, stiffness, creep resistance, dimensional stability, and ther-
mal transport. Carbon-containing PEEK composites may therefore provide mechanical or
multifunctional benefits not captured by COF alone [3,4,39,40].

The present findings should not be interpreted as evidence that reinforcing or friction-
modifying fillers are unnecessary. The investigated hybrid formulation did not provide
a dry-friction reduction under the present test conditions, but this does not exclude poten-
tial advantages under other loading, thermal, wear, or lubrication regimes. The maximum
applied load was 400 N, corresponding to a nominal pressure of 5.82 MPa, and no severe
thermal instability was reached. More severe loading may alter friction, transfer-layer
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development, surface damage, and heat transport and could therefore produce a stronger
differentiation between neat and hybrid PEEK. However, the magnitude and direction of
such differences cannot be established from the present dataset.

This study is subject to several limitations. Only one neat and one hybrid commercial
PEEK grade were investigated, and the nominal filler composition of the hybrid material
was based on supplier documentation and was not independently verified by chemical anal-
ysis. Three independent specimens were tested for each material-condition combination.
Pressure and sliding velocity were not varied independently in a full factorial arrange-
ment; therefore, their separate main effects and interaction cannot be quantified from the
present dataset. Surface characterisation was limited to optical and EDF microscopy with-
out chemical or elemental identification of individual fillers, wear debris, or transferred
material, and transfer films on the steel counterface were not characterised. In addition,
the sensitivity of the gravimetric measurements was insufficient for quantitative wear-rate
ranking. Consequently, the findings should be interpreted as a comparative assessment of
the investigated commercial grades under the specific tested operating conditions rather
than as a general ranking of neat and hybrid PEEK materials. The tests were conducted
sequentially without formal randomisation or blocking; consequently, a small run-order
drift cannot be separated retrospectively from the material effect.

The estimated overall material difference (+0.003388) was only about 1.11 times the
pooled residual standard deviation (0.003065), and the 12 within-cell sample standard
deviations ranged from approximately 0.0010 to 0.0056. The condition-specific absolute
mean differences ranged from 0.00185 to 0.00447, and none was significant after Holm
correction. The practical importance of differences of a few thousandths in COF therefore
cannot be established conclusively relative to total instrumental uncertainty. The tempera-
ture variables were therefore treated descriptively, and no material-level thermal advantage
or heat-transport mechanism is claimed. The laboratory journal documented ambient
conditions from 18 to 22 °C and 48% relative humidity. The condition-specific differences
are treated as numerical tendencies, while the significant overall contrast is interpreted
cautiously as a small matrix-wide effect.

Future research should extend the matched neat-hybrid comparison to higher-load
and higher-severity dry sliding conditions, as well as to controlled limited-supply and
continuously supplied lubrication. Examination of the PEEK wear tracks and steel transfer
layers using SEM and EDS, supplemented where appropriate by Raman spectroscopy
or XPS, would permit more reliable identification of whether filler-containing debris,
transferred carbonaceous material, or transfer films are present. Three-dimensional wear-
volume measurements would also provide a quantitative wear response with greater
sensitivity than the present specimen mass readings.

Overall, the results reject the simple assumption that PTFE-, graphite-, and carbon-
fibre-modified PEEK must exhibit lower dry friction than neat PEEK. Material selection
should instead consider the complete tribological system, including filler distribution,
pressure, velocity, counterface condition, surface evolution, and thermal response.

5. Conclusions

This study compared the steady-state dry sliding behaviour of neat PEEK and hy-
brid PEEK containing PTFE, graphite, and carbon fibre against 42CrMo4+QT steel under
six operating conditions.

The investigated hybrid PEEK did not provide a dry-friction reduction relative to
neat PEEK. Hybrid PEEK exhibited a higher numerical mean steady-state COF in all
six operating conditions, with relative differences of 1.53-8.36%. The overall hybrid-minus-
neat difference was +0.003388 COF units (95% CI 0.001279-0.005496; p = 0.0029, n% =0.314);
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however, none of the condition-specific neat-hybrid comparisons were statistically signifi-
cant after Holm correction. The working hypothesis that the hybrid formulation would
reduce steady-state dry friction was therefore not supported.

Steady-state COF did not vary monotonically with nominal PV across the investigated
operating condition matrix. The highest mean COF occurred at PV = 1.5 MPa-m/s rather
than at PV = 3.2 MPa-m/s. Thus, nominal PV alone did not provide a monotonic ranking
of frictional severity within the tested matrix. Because pressure and sliding velocity were
not varied independently, the observed differences should be interpreted as responses to
the specific pressure-velocity combinations investigated rather than as separate pressure
or velocity effects.

Post-test EDF observations showed different surface responses for the two materials.
Neat PEEK exhibited a denser pattern of fine, approximately parallel grooves, whereas
hybrid PEEK showed comparatively smoother regions interrupted by fewer but locally
deeper features. These optical observations support a difference in surface evolution
between the materials, although they do not permit chemical identification of individual
fillers, wear debris, or transferred material.

Hybrid PEEK showed a higher mean AT in three operating conditions and a lower
mean AT in three, so no consistent material thermal advantage was identified. The single
subsurface thermocouple channel does not establish enhanced heat transport or a thermal-
conductivity mechanism.

Overall, the expected dry-friction benefit of the investigated hybrid formulation was
not realised under the tested conditions. Material selection for dry polymer—steel con-
tacts should therefore consider the complete tribological system rather than relying solely
on the nominal bearing-grade classification. These conclusions are specific to the inves-
tigated commercial grades and test matrix and should be interpreted within the stated
experimental limitations.
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fixed-effects ANOVA calculations, condition-specific contrasts, residual data and diagnostic plots,
replicate-level T, T and AT values, descriptive temperature summaries, and pre-test steel-ring
roughness measurements. Figure S1: Residual diagnostics for the two-factor fixed-effects ANOVA
based on unrounded specimen-level steady-state COF values: (a) standardised residuals versus fitted
COF values; (b) normal Q-Q plot of the standardised residuals.
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The following abbreviations are used in this manuscript:

COF  coefficient of friction
EDF  extended depth of field
PEEK polyether ether ketone
PTFE  polytetrafluoroethylene
CF carbon fibre

1Y% pressure times velocity
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