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Abstract

Poly(ether ether ketone)/carbon-fiber (PEEK/CF) composites possess excellent mechanical
and thermal stability but exhibit inadequate friction and wear resistance for demanding
tribological applications. In this study, femtosecond laser texturing was used to generate
sinusoidal–circular hybrid microtextures on PEEK/CF surfaces, and the effects of laser
power and geometric parameters were systematically evaluated through a Taguchi L9
design. The optimal laser power of 0.85 W produced the highest machining quality factor
(MQF = 0.968). The textures caused a hydrophilic-to-hydrophobic transition, increasing the
static contact angle from 43◦ to 96.2◦. Under boundary lubrication, all textured specimens
exhibited reduced steady-state friction compared with the untreated surface. Among them,
specimen L7—corresponding to the largest amplitude (A) and wavelength (B) levels in
the orthogonal design—achieved the lowest average coefficient of friction (≈0.12) and
generated the narrowest wear track. These results demonstrate that femtosecond-laser-
fabricated hybrid microtextures effectively enhance lubricant retention and improve the
tribological performance of PEEK/CF composites.

Keywords: PEEK/CF composites; femtosecond laser; hybrid micro-texture; friction and
wear; contact angle; friction and wear; contact angle

1. Introduction
Poly(ether ether ketone) (PEEK) is a high-performance thermoplastic polymer with

outstanding mechanical properties, high-temperature capability, chemical resistance, and
biocompatibility. Owing to these attributes, it has been widely adopted in aerospace, auto-
motive, electrical and electronics, and biomedical applications. Compared with conven-
tional metals, PEEK offers significant advantages such as low density, good processability,
and excellent electrical insulation, and thus delivers reliable performance in demanding en-
vironments [1–5]. Nevertheless, despite its promise as a structural and functional material,
pristine PEEK exhibits inherently unfavorable tribological behavior—namely a relatively
high coefficient of friction and a high wear rate—which limits its further use in tribology
without surface treatment.

One of the primary factors governing the frictional response of PEEK is its surface
characteristics [6–10]. The polymer backbone contains abundant aromatic rings and ke-
tone groups, which result in a comparatively low surface energy and weak adhesion to
counterfaces; this makes it difficult to form and sustain a stable lubricating film during
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sliding. In addition, the low thermal conductivity of PEEK can lead to localized heat accu-
mulation at the interface, promoting surface softening and aggravating wear. To mitigate
these shortcomings, various surface-modification strategies have been proposed in recent
years [11–15], including filler reinforcement, thin-film/coating deposition, and surface
micro-texturing.

Among these, surface micro-texturing has emerged as an effective and versatile ap-
proach to tailor tribological performance. By introducing textures with designed morpholo-
gies and scales—such as grooves, dimples, or grid-like patterns—on the PEEK surface,
one can regulate the real contact state, enhance lubricant retention, and reduce the true
contact area, thereby markedly lowering the coefficient of friction and wear rate [16–20].
Micro-textures can also facilitate debris evacuation, act as oil reservoirs, and trap abrasive
particles, delivering benefits under both dry and boundary-lubrication conditions. Conse-
quently, micro-texturing PEEK not only compensates for the poor intrinsic surface tribology
of the neat polymer but also opens avenues for its deployment in precision machinery,
medical devices, and other wear-resistant components.

In summary, rational design and fabrication of surface micro-textures provide a high-
efficiency, controllable route to significantly improve the tribological performance of PEEK
without altering its bulk properties. Properly engineered texture geometries and parameters
can reduce energy losses and wear, laying a solid foundation for the broader application of
PEEK in high-precision and biomedical scenarios.

2. Materials and Methods
2.1. Materials and Pre-Treatment

Poly(ether ether ketone) (PEEK) is a semi-crystalline aromatic polymer within the
poly(aryl ether ketone) (PAEK) family. Its backbone comprises aromatic rings, ether link-
ages, and ketone groups, imparting excellent thermal stability and mechanical performance.
PEEK combines high strength, heat resistance, chemical resistance, and dimensional stabil-
ity, making it one of the most capable high-performance engineering plastics. In this study,
PEEK/carbon-fiber (PEEK/CF) specimens with dimensions 20 mm × 20 mm × 10 mm
were prepared. Surfaces were sequentially abraded with 800–2000 grit SiC papers and
polished to a surface roughness of Ra < 0.8 µm (see note), ultrasonically cleaned in 99 vol%
anhydrous ethanol for 5 min, and air-dried.

During laser processing, understanding the basic physical properties of PEEK is
essential for selecting appropriate energy-input parameters [21–23]. PEEK exhibits a
relatively high melting point, low thermal conductivity, and limited absorption in the
infrared range [24]. Excessive laser power can therefore cause surface carbonization and
melt collapse, whereas insufficient power fails to achieve effective ablation and texture
formation. Accordingly, the laser power window was determined with full consideration
of the material’s thermo-physical properties. The relevant properties are summarized in
Table 1.

Table 1. Physical properties of PEEK.

No. Property (Unit) Typical Range

1 Density (g·cm−3) 1.30–1.32
2 Tensile strength (MPa) 90–100
3 Elastic modulus (GPa) 3.6–4.0
4 Melting point (◦C) ≈343
5 Thermal conductivity (W·m−1·K−1) 0.25–0.29
6 Specific heat capacity (J·g−1·K−1) 1.3–1.6
7 Coefficient of friction (dry) 0.30–0.40
8 Poisson’s ratio 0.36–0.38
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2.2. Determination of Laser Power Window and Experimental Setup

Based on the physical properties of PEEK (Table 1)—a relatively high melting point
(≈343 ◦C), low thermal conductivity (0.25–0.29 W m−1 K−1), and comparatively large
specific heat capacity (1.3–1.6 J g−1 K−1)—pronounced heat accumulation can occur during
laser processing. Excessive local energy density tends to induce surface carbonization,
vaporization, and melt collapse; conversely, insufficient energy fails to ablate the surface
effectively, making it difficult to form clear and regular micro-textures. Therefore, rational
control of laser power is critical to achieving the desired microstructural quality [25–29].

Accordingly, preliminary trials were conducted using an LR-femt1030-30 femtosecond
laser system (LR-femto1030-30, Shengzi LaserRush Co., Ltd., Nanjing, China) at 25 ◦C to
fabricate micro-textures on PEEK/CF (Figure 1). Five laser-power levels were selected for
comparative experiments within 0.55–1.30 W; the specific values are listed in Table 2.

 

Figure 1. Femtosecond-laser micro-texturing system and representative post-process surface mor-
phology of PEEK/CF.

Table 2. Laser processing parameters and values.

Laser Parameters Values
Laser power (W) 0.55, 0.70, 0.85, 1.00, 1.15, 1.30
Wavelength (nm) 515
Pulse width (fs) 300

Repetition rate (kHz) 100
Beam quality (M2) <1.3

Figure 1 illustrates the laser processing setup for surface micro-texturing of PEEK
and a representative textured morphology. The system comprises a galvo scanner, coaxial
vision module, F-theta telecentric field lens, laser displacement sensor, and a high-precision
working stage. The galvo scanner enables precise beam deflection and high-speed scanning;
the coaxial vision module provides real-time monitoring of focus and toolpath; the F-
theta lens maintains uniform focal distance and energy density across the scan field; the
displacement sensor tracks focal offsets to ensure consistent machining depth; and the
working stage secures the PEEK specimens and provides three-axis positioning.
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On the right, a post-process image shows the sinusoidal micro-texture produced on
the PEEK surface, demonstrating that, under the selected parameters, periodic and well-
defined groove structures can be achieved. This configuration delivers high repeatability,
precision, and uniformity in microstructure fabrication, providing stable specimens for
subsequent friction and wear testing.

During micro-texturing, a single period of the texture was fabricated while keeping
the scan speed, pulse repetition rate, and focal position constant, so that laser power was
the only varying factor. After processing, surface profiles at multiple sites on each specimen
were measured using confocal microscopy, as shown in Figure 2.

 

Figure 2. Confocal surface morphologies and cross-sectional line profiles of PEEK/CF after
femtosecond-laser texturing at different powers: (a) 0.55 W, (b) 0.70 W, (c) 0.85 W, (d) 1.00 W,
(e) 1.15 W, and (f) 1.30 W. Scan speed, repetition rate, and focal position were kept constant.

Applying this procedure across all sample groups produced surfaces with differ-
ent amplitudes, wavelengths, groove widths, and circular-pit diameters. The resulting
confocal images (Figure 2) provide the experimental basis for analyzing how texture ge-
ometry affects the coefficient of friction, wear behavior, and static water contact angle in
subsequent sections.

To quantitatively evaluate the machining quality of PEEK micro-textures at different
laser powers, a machining quality factor (MQF) is proposed. MQF is defined from the
geometric deviations of the groove and reflects the combined influence of energy input on
removal uniformity, morphological integrity, and dimensional accuracy:

MQF = 1 −
(

α
| h − h0 |

h0
+ (1 − α)α

| w − w0 |
w0

)
(1)
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where h and w are the measured groove depth and width, h0 and w0 are the target values
(here h0 = 100 µm, w0 = 280 µm), and α is a weighting factor (α = 0.5 in this work). The equal
weighting was selected because groove depth and groove width contribute comparably
to lubricant retention, texture stability, and dimensional accuracy. Preliminary processing
trials further indicated that deviations in either parameter resulted in similar deterioration
of the machined profile, supporting the use of α = 0.5 in the MQF definition.

The closer MQF is to 1, the closer the machined geometry is to the design and the higher
the machining quality. The target values h0 = 100 µm and w0 = 280 µm correspond to the
intended design geometry in the Taguchi L9 array. These values were selected based on pre-
liminary machining trials, which showed that (i) groove depths below approximately 80 µm
provided insufficient lubricant storage, (ii) depths above 150 µm frequently caused melt
collapse due to excessive thermal accumulation, and (iii) widths in the range of 250–300 µm
yielded stable machining with minimal thermal distortion. Therefore, the chosen target
geometry represents a balance between lubrication functionality and manufacturability,
making it an appropriate reference for evaluating dimensional fidelity through MQF.

For each textured specimen, profiles were measured at the crest, quarter-wavelength,
trough, and three-quarter-wavelength positions; the average was taken as the final value.
The results are summarized in Table 3.

Table 3. Geometric parameters and MQF at different laser powers.

Laser Power/W Groove Width w (µm) Groove Depth h (µm) MQF Quality Assessment

0.55 276.27 66.93 0.828 Insufficient depth;
incomplete ablation

0.70 285.09 88.27 0.932 Uniform profile;
good morphology

0.85 273.96 104.29 0.968 Best result;
clear and symmetric profile

1.00 282.34 142.23 0.785 Enlarged HAZ;
local melt collapse

1.15 288.17 158.37 0.693 Visible carbonization;
shape distortion

1.30 284.43 176.65 0.609 Severe overburn;
bottom collapse

Trend analysis: The observed depth evolution can be explained qualitatively by heat-
diffusion behavior during femtosecond irradiation. Although no numerical simulation is
performed, the temperature rise may be conceptually understood using a classical heat-
diffusion framework that describes the accumulation and redistribution of heat within
the laser-affected zone. Because PEEK exhibits low thermal conductivity and moderate
heat capacity, heat tends to localize during repeated pulse exposure. At low power, the
temperature does not reach the uniform ablation threshold, while excessive power promotes
carbonization and melt-collapse, consistent with the experimentally observed deformation.
The optimal power (0.85 W) represents a balance between effective ablation and minimized
thermal damage.

It is worth noting that two-temperature or ultrafast ablation models are typically re-
quired for metals and crystalline solids where electron–phonon nonequilibrium dominates.
In contrast, for semi-crystalline polymers such as PEEK under high-repetition-rate femtosec-
ond irradiation (100 kHz), previous studies indicate that heat accumulation and thermal
softening govern the ablation morphology. Therefore, a qualitative thermal-diffusion
description is more appropriate for interpreting the experimental results in this study.

It should be emphasized that no analytical or numerical thermal simulation is per-
formed in this work. The following discussion is intended only as a qualitative inter-
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pretation to contextualize the experimentally observed trends and does not constitute a
quantitative thermal model.

2.3. Surface Micro-Texture Design and Orthogonal Experiment

To improve the tribological performance of PEEK and to systematically elucidate
how geometric features affect frictional behavior, micro-texture design and an orthogonal
experiment were conducted after optimizing the laser power to 0.85 W. A sine-wave texture
was selected because its periodic undulations regulate the interfacial contact state, promote
lubricant film formation, and reduce the real contact area—thereby lowering the coefficient
of friction and frictional noise.

The sine-wave hybrid texture is parameterized by four primary factors:
A (Amplitude): height difference between crest and trough.
B (Wavelength): periodicity of surface undulation.
C (Track width): governs texture density per unit area.
D (Circular-pit diameter): combined with the sine track to enhance oil storage

and buffering.
In this design, the sine track primarily modulates the sliding contact interface, whereas

the circular pits act as local oil reservoirs and debris traps; the combination achieves
synergistic friction reduction under varying operating conditions. To ensure machining
fidelity and consistent comparisons, the sine-track depth was fixed at E = 100 µm, the
circular-pit depth at F = 50 µm, and the laser scan speed and hatch spacing were kept
constant throughout.

For efficient evaluation of multi-parameter effects, a Taguchi L9 orthogonal design
(34) was employed, treating A, B, C, D as independent variables, each at three levels.
The orthogonal design enables estimation of main effects (and indicative interactions)
with a compact number of trials, providing a statistically reliable basis for parameter
optimization [30–32]. The factor levels used in this study are summarized in Table 4,
determined from preliminary trials and the machinability of PEEK/CF.

Table 4. Factors and levels for the Taguchi L9 design.

Factor Parameter Name Level 1 Level 2 Level 3
A Sine-wave amplitude (µm) 600 800 1000
B Sine-wave wavelength (µm) 2000 2500 3000
C Texture track width (µm) 200 250 300
D Circular-pit diameter (µm) 40 60 80

According to the Taguchi L9 orthogonal array, nine parameter combinations were
obtained; the correspondence between run IDs and factor settings is given in Table 5.

Table 5. Parameter combinations for the Taguchi L9 design.

Run ID A (µm) B (µm) C (µm) D (µm)
L1 600 2000 200 40
L2 600 2500 250 60
L3 600 3000 300 80
L4 800 2000 250 80
L5 800 2500 300 40
L6 800 3000 200 60
L7 1000 2000 300 60
L8 1000 2500 200 80
L9 1000 3000 250 40

Using the nine parameter combinations defined by the Taguchi L9 design—and the
previously determined optimal laser condition (0.85 W power with scan speed and focal
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position held constant)—laser micro-texturing was performed on the surfaces of nine
PEEK specimens. During processing, the energy density and scan path were tightly
controlled to ensure good repeatability and consistency of microstructure formation across
all parameter sets.

2.4. Friction Testing and Characterization

To evaluate the effect of laser micro-texturing on the tribological performance of PEEK,
friction and wear tests were conducted on nine textured specimens (L1–L9) and one untex-
tured control. Experiments were performed at room temperature using a Bruker (CETR)
UMT-2 Universal Mechanical Tester, to examine how surface micro-textures influence the
coefficient of friction (COF) and wear characteristics.

Test apparatus: The friction and wear tests were conducted using a Bruker UMT-5
tribometer in a ball-on-flat configuration, as illustrated in Figure 3. The counter body was a
polished AISI 52100 steel ball (diameter: 6 mm; hardness: HRC 58–62; grade: G10; surface
roughness Ra: 0.02–0.05 µm). The ball was mounted on the upper holder and slid against
the textured PEEK/CF specimens under boundary-lubrication conditions. The central
module of the UMT-5 integrates loading and measurement functions, enabling precise
COF acquisition under controlled normal load, sliding speed, and test duration. Each
specimen was mounted on a high-precision reciprocating stage, while the upper loading
head formed the counterface contact with the lower specimen to realize the sliding pair.
Both the pre-polishing lay and the laser-textured grooves were oriented parallel to the
sliding direction to eliminate frictional variations associated with surface lay misalignment.

 

Figure 3. Friction and wear test apparatus.

(1) Test conditions and setup

Friction tests were conducted in a high-speed steady sliding mode; the parameters are
listed in Table 6. The normal load was 20 N, stroke was 10 mm, and frequency was 5.0 Hz,
giving an average linear speed of 100 mm·s−1. Under these conditions the sliding pair
reached a stable regime without stick–slip, ensuring good stability and repeatability. The
lubricant was ISO VG 68 guideway oil, simulating a boundary-lubrication environment
representative of engineering practice.
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Table 6. Parameters for the friction and wear tests.

Condition Value
Test rig Bruker (CETR) UMT-2
Normal load (N) 20
Stroke (mm) 10
Frequency (Hz) 5.0

(2) Experimental procedure

Sample preparation: Nine textured specimens (L1–L9) and one untextured control (UT)
were ultrasonically cleaned to remove surface contaminants and oils, ensuring consistent
initial surface states.

Contact angle measurement: Before friction tests, static water contact angles were mea-
sured to compare wettability among UT and L1–L9. Specimens were ultrasonically cleaned
with anhydrous ethanol, blow-dried, and equilibrated at room temperature (~25 ◦C) for
≥30 min. Measurements were taken on a Dataphysics OCA20 in sessile-drop mode using
deionized water (drop volume ≈ 2 µL). Images were captured 2 s after deposition; left/right
angles were fitted automatically and averaged for each point. At least three locations per
specimen were tested; the arithmetic mean is reported as the specimen’s contact angle, with
standard deviation shown as error bars.

SEM pre-inspection: Initial surface morphology was examined by SEM to verify
texture quality and geometric integrity.

Friction and wear testing: On the UMT-2, load, stroke, and frequency were set as
in Table 6. Sliding tests were run while continuously recording the coefficient of friction
(COF)–time curves.

Post-analysis: After testing, the wear tracks were observed by SEM and compared
with pre-test images to analyze texture evolution and stability during wear.

(3) Experimental objective

The tribological tests systematically evaluate how different micro-texture parameters
affect PEEK’s COF, wear morphology, and frictional noise. Results obtained under ISO VG
68 oil validate the effectiveness of laser-induced micro-textures in improving lubrication,
reducing frictional resistance, and enhancing anti-wear performance.

3. Results
3.1. Wear Morphology and Surface Element Distribution

To examine the influence of laser micro-texturing on the surface morphology of PEEK,
untextured and textured specimens were observed by scanning electron microscopy (SEM)
at multiple magnifications, as shown in Figure 4.

(1) Surface morphology of untextured PEEK/CF.

Before tribological tests, the untextured PEEK/CF specimens were inspected, see
Figure 4a,b. At low magnification (Figure 4a), numerous machining marks aligned
with the sliding direction are visible, indicating that the surface largely retains polish-
ing/abrading traces; a few fine debris particles appear locally, suggesting slight residue or
micro-spallation. The high-magnification view (Figure 4b), taken from the boxed region in
Figure 4a, reveals clearer striations with identifiable scratches and limited micro-peeling.
Overall, these defects are sparse and unlikely to induce pronounced abrasive ploughing or
adhesion damage during testing.

(2) Surface morphology of hybrid micro-textured PEEK/CF.
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In the low-magnification images (Figure 4c,d), the laser-processed specimens clearly
exhibit a hybrid array composed of periodically repeated sinusoidal grooves and circular
micro-pits. The sinusoidal grooves repeat regularly along the horizontal direction with
nearly uniform amplitude and wavelength; the groove contours are continuous with
smooth transitions, reflecting stable toolpath control. Circular micro-pits arranged near the
crests/troughs have nearly uniform diameter and form a one-dimensional periodic array,
demonstrating good repeatability and array uniformity consistent with the design. This
indicates that the adopted process yields geometrically regular hybrid textures suitable for
subsequent lubricant storage and debris trapping.

 

Figure 4. SEM morphologies and EDS spectrum of PEEK/CF specimens before sliding: (a,b) untex-
tured surface; (c,d) composite sinusoidal–circular micro-textured surface.

The local high-magnification image (Figure 4d) shows slight ridges along the groove
sidewalls and pit rims, together with locally exposed carbon fibers. These regions may
act as micro-asperities that carry load and experience shear during the initial sliding stage.
No macroscopic cracks, obvious clusters of micro-voids, or extensive melt-collapse zones
are observed, indicating that the present parameter set produces textures of overall good
quality. The embedded EDS spectrum indicates C and O as the main elements with minor
P and S, consistent with the PEEK/CF matrix and additives in the lubricant, suggesting no
significant contamination introduced by the texturing process.

Compared with the largely linear polishing marks on the untextured surface, appropri-
ate laser parameters transform the PEEK surface into a periodic, functionalized topography,
markedly increasing roughness and specific surface area. The sinusoidal grooves provide
continuous reservoirs and flow channels for the lubricant, facilitating a stable oil film
during reciprocating sliding and mitigating dry contact and localized hot spots. The cir-
cular pits near each crest/trough serve as local oil pockets and debris traps, storing the
lubricant and capturing loose particles to suppress three-body abrasion. Together, this
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hybrid micro-texture is expected to enhance load-carrying capacity while reducing friction
and wear.

Post-test wear morphology: After friction testing, PEEK/CF specimens with different
surface states and texture parameters exhibited pronounced differences; representative
morphologies are shown in Figure 5. For the untextured specimen (Figure 5a,b), a wide
and deep continuous wear track is observed, featuring distinct ploughing grooves and
large areas of delamination, locally accompanied by bright adhesive films and smeared
regions. This indicates that the dominant wear mechanisms are severe abrasive wear
together with adhesive/fatigue delamination. Owing to the lack of oil-storage and buffering
features, initial processing defects rapidly propagate under cyclic loading, causing large-
scale material spallation from the surface.

S
lid
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ec
ti
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n

 

Figure 5. Wear morphologies and EDS spectra of PEEK/CF specimens after sliding: (a,b) untextured
surface; (c,d) composite micro-textured surface L6; (e,f) composite micro-textured surface L7 with
larger texture amplitude.

For the specimen textured with the sinusoidal–circular hybrid pattern (L6; Figure 5c,d),
the contours of the sinusoidal grooves and circular pits remain clear after sliding. Wear
is mainly confined to the plateau regions between grooves and parts of the side slopes,
manifested as localized adhesive smearing and moderate ploughing; only slight flaking
is observed in isolated areas, and the wear-track width is markedly smaller than that of
the untextured sample. EDS shows that, relative to the pre-test state, surface C decreases
notably while O increases significantly, with P and S remaining at trace levels. This
suggests the formation of an oxygen-rich C–O mixed transfer film and oxide layer on the
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textured surface during sliding, which helps reduce direct polymer/counterface contact
and mitigates wear.

When the texture amplitude is increased (L7; Figure 5e,f), wear remains largely re-
stricted to the plateaus and crest regions, and the groove interiors are mostly intact. How-
ever, ploughing grooves become more prominent, local delamination is slightly aggravated,
and a thicker adhesive smear forms at pit–groove junctions, indicating more concentrated
contact stresses at crests and on slopes. The corresponding EDS shows C ≈ 70 wt% and
O ≈ 29 wt% (with P/S at trace levels), i.e., a somewhat more carbon-rich adhesive transfer
film than in L6, while still exhibiting a C–O–dominated composition.

Synthesis of SEM/EDS findings: The untextured PEEK/CF suffers from numerous
initial processing defects and lacks oil-storage/buffering units; under combined load and
shear it readily evolves into extensive ploughing and delamination damage. In contrast,
the laser-fabricated sinusoidal–circular hybrid texture preserves overall surface integrity to
a considerable extent and demonstrates better wear and anti-fatigue performance than the
untextured surface. The introduction of regular geometric units (i) reduces the sensitivity of
wear behavior to initial defects by confining real contact and wear to limited plateau/crest
areas, and (ii) promotes the formation of a C–O transfer film on the textured surface,
shifting the surface composition from a “high-C, low-O” matrix signature toward a film
with elevated O and comparable C and O contents, thereby lubricating and protecting
the interface. Increasing amplitude from L6 to L7 further decreases the local real contact
area and fosters a more carbon-rich adhesive film, but also intensifies contact stresses at
crests/slopes, leading to more pronounced ploughing and localized delamination. This
points to an optimum amplitude window for the hybrid texture that balances friction
reduction with wear resistance.

Although SEM/EDS results support the formation of an oxygen-rich transfer film,
detailed chemical-state identification using Raman or XPS spectroscopy was not performed
here and will be incorporated in future studies to further clarify the tribo-film composition.

3.2. Contact Angle Analysis

Figure 6 presents the static water contact angles (with error bars) for the untextured
specimen (UT) and the nine orthogonally designed textured specimens (L1–L9). The UT
specimen shows a contact angle of only ≈42.9◦, indicating a distinctly hydrophilic surface.
In contrast, introducing the sinusoidal–circular hybrid micro-texture markedly increases
the contact angle: values for L1–L9 fall within 72.6–96.2◦. This suggests that the texture
effectively reduces the real contact area between the droplet and the PEEK/CF substrate
and traps air within grooves and pits, promoting a transition from a Wenzel-like to a
Cassie–Baxter state and shifting the surface from hydrophilic to hydrophobic. The errors
for all samples are <≈1.5◦, indicating good repeatability and reliability.

The amplitude (A) exerts the most pronounced influence. With A = 600 um (L1–L3),
the contact angle is ≈86.5–89.6◦; increasing to A = 800 um (L4–L6) further raises it to
≈92.3–96.2◦, with L5 (A = 800 um, B = 2500 um, C = 300 um, D = 40 um) reaching the
maximum 96.2◦. This indicates that a moderate amplitude favors the formation of a stable
air cushion and a composite wetting interface. When A = 1000 um (L7–L9), the contact
angle decreases to ≈72.6–85.4◦, implying that excessive macroscopic undulation allows
partial penetration of the droplet into the grooves and locally reverts the interface toward
a Wenzel-like state, thereby lowering the apparent angle. Therefore, amplitude exhibits
a “first increase then decrease” trend, with ≈800 um being optimal under the present
conditions. Although the enhanced contact angle suggests a predominantly Cassie–Baxter
wetting regime, localized Wenzel transitions may occur at groove sidewalls or pit rims,
resulting in mixed wetting behavior commonly observed on multi-scale textured surfaces.
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Figure 6. Contact angles of PEEK/CF specimens with different sinusoidal–circular composite textures
(UT and L1–L9).

The effects of track width (C), wavelength (B), and pit diameter (D) are secondary
but show discernible tendencies. Based on the orthogonal-analysis means, increasing
C from 200 µm to 300 µm generally raises the contact angle, suggesting that a wider
groove increases surface roughness and the air fraction. The ranges of B and D are small,
indicating that within the tested levels their roles in tuning wettability are limited to fine
adjustments. Overall, the influence ranking of geometric parameters on contact angle can
be approximated as: Amplitude A > Track width C > Wavelength B≈Pit diameter D.

3.3. Friction and Wear Analysis

To assess how texture size influences the tribological performance of PEEK, friction–
wear tests were conducted on 10 specimens (nine textured plus one untextured control)
under a load of 20 N, frequency 5 Hz, and duration 1800 s. The COF–time curves for all
samples are shown in Figure 7.

From Figure 7, laser micro-texturing markedly improves the frictional performance of
PEEK. Compared with the untextured surface, all textured specimens exhibit lower overall
COF, smaller fluctuations, and higher stability during sliding. Among them, Specimens 1–4
rise rapidly at the beginning and then level off, showing good friction-reduction behavior;
Specimens 5 and 6 maintain low COF in the mid-to-late stage, with Specimen 6 being
more stable; and Specimens 7–9 remain at consistently low COF levels, clearly below the
untextured control. Overall, Specimen 7 performs best, combining the lowest COF with
minimal fluctuation, demonstrating that a well-designed surface texture can effectively
reduce friction, lower energy loss, and enhance the wear resistance of PEEK.

To preliminarily assess the relative influence of the four geometric factors on the
friction behavior, a range analysis was conducted based on the L9 orthogonal design. As
summarized in Table 7, factor B (sine-wave wavelength) exhibited the largest range value
(R = 0.013), indicating that it is the most sensitive parameter affecting the steady-state
COF. The wavelength determines the global periodicity of the hybrid sinusoidal–circular
texture and strongly influences lubricant entrainment and redistribution across the sliding
interface. Therefore, variations in wavelength result in noticeable differences in friction
performance.
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Figure 7. COF–time curves from friction and wear tests: (a) COF–time: UT vs. L1–L3; (b) COF–time:
UT vs. L4–L6; (c) COF–time: UT vs. L7–L9; (d) Mean COF comparison: UT and L1–L9.

Table 7. Analysis of variance (ANOVA) for the effect of texture parameters on the steady-state COF.

Factor Sum of Squares (SS) DOF Mean Square (MS) Contribution (%)

A—Amplitude 2.8 × 10−5 2 1.4 × 10−5 8.2%
B—Wavelength 1.56 × 10−4 2 7.8 × 10−5 45.6%
C—Track width 3.3 × 10−5 2 1.7 × 10−5 9.7%
D—Pit diameter 5.9 × 10−5 2 3.0 × 10−5 17.3%

Error 6.7 × 10−5 2 3.4 × 10−5 19.2%
Total 3.43 × 10−4 8 – 100%

Factor D (pit diameter) showed a moderate effect (R = 0.007), suggesting that the
size of the lubricant reservoirs influences local shear behavior and contributes measurably
to friction reduction. In contrast, factors A (amplitude) and C (track width) exhibited
relatively small ranges (R = 0.006 for both), indicating minor influence on COF within the
tested levels.

Overall, the range analysis reveals that the wavelength is the primary geometric
factor governing friction behavior, followed by pit diameter, whereas amplitude and
track width exhibit comparatively weaker effects. These findings are consistent with
the lubrication mechanism of textured polymer composites under boundary and mixed
lubrication conditions.

Based on the COF measurements and the Taguchi/ANOVA results, the following
mechanistic insights can be drawn:Among the four geometric factors, the wavelength
(factor B) shows the most pronounced influence on friction behavior. Increasing the wave-
length from 2000 to 3000 µm results in smoother sinusoidal transitions along the sliding
direction, which enhances lubricant entrainment and stabilizes the micro-hydrodynamic
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pressure field. This mechanism is consistent with the dominant contribution of factor B
observed in the variance analysis (45.6%).

The pit diameter (factor D) exhibits a secondary level of influence. Larger pits provide
greater lubricant storage capacity but also modify the local shear characteristics at the
contact interface. This dual effect explains the moderate yet noticeable variation in COF
among the tested pit sizes and aligns with the 17.3% variance contribution of factor D.

In comparison, the amplitude (factor A) and track width (factor C) exert relatively
minor effects within the tested ranges. Variations in amplitude between 600 and 1000 µm do
not significantly alter the load-bearing characteristics of the sinusoidal grooves, and changes
in track width from 200 to 300 µm influence lubricant replenishment only marginally.
Their low range values (R = 0.006) and limited ANOVA contributions confirm that these
parameters play a subordinate role in determining friction performance.

Overall, these trends indicate that the global periodicity of the hybrid texture—
primarily governed by the wavelength—dominates the lubrication and contact mechan-
ics, while pit diameter provides a secondary tuning effect. Amplitude and track width
contribute only weakly to friction reduction under the present boundary/mixed lubrica-
tion conditions.

It should be noted that the mechanistic explanation provided in this study is qualitative.
Direct measurements of lubricant film thickness, real contact area, and flash temperature
were not performed, and future work will incorporate these quantitative characterizations
to further validate the proposed lubrication mechanism.

4. Conclusions
(1) Laser-power effects on groove formation.

Laser-power gradients revealed that groove depth increased approximately linearly
with power, whereas groove width changed only marginally. Insufficient ablation occurred
below 0.7 W, producing shallow grooves with blurred edges, while powers above 1.0 W
caused pronounced carbonization and melt collapse. Based on the machining quality factor
(MQF), a power of ≈0.85 W yielded the most regular profile and a depth-to-width ratio
closest to the intended design, representing the optimal processing window for fabricating
sinusoidal–circular hybrid textures on PEEK/CF.

(2) Wear mechanisms from SEM observations.

Untextured PEEK/CF exhibited continuous deep ploughing, adhesive smearing, fiber
pull-out, and extensive delamination, indicative of severe adhesive–abrasive wear. In
contrast, the textured specimens maintained much of their structural integrity, with wear
primarily confined to plateau regions and local slopes. Among the designs, the sinusoidal-
plus-circular hybrid textures—particularly L7—retained clear groove and pit contours,
showed shallow wear scars, and limited plastic deformation. These features demonstrate
that the hybrid texture redistributes contact stresses, suppresses local stress concentrations,
delays wear propagation, and enhances anti-wear capacity under boundary lubrication.

(3) Wettability and contact-angle behavior.

Laser texturing substantially increased the apparent contact angle, shifting the surface
from hydrophilic (≈43◦ for UT) to hydrophobic (≈73–96◦ for L1–L9). Orthogonal analysis
revealed that amplitude (A) has the dominant influence, followed by track width (C),
whereas wavelength (B) and pit diameter (D) play secondary roles. A moderate amplitude
(~800 µm) and suitable groove width promote stable air entrapment and reduce liquid–solid
contact area, supporting a predominantly Cassie–Baxter wetting regime while allowing
localized Wenzel transitions at groove sidewalls. This mixed-state wetting facilitates
lubricant retention and subsequent friction reduction.
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(4) Friction reduction and tribological performance.

Micro-texturing significantly reduced the steady-state COF and improved sliding sta-
bility. Compared with the untextured surface (average COF ≈ 0.145), all textured specimens
exhibited lower COF values in the range 0.121–0.138, corresponding to reductions of ap-
proximately 5–17%. The sinusoidal–circular hybrid design with A ≈ 800 µm, B ≈ 3000 um,
C ≈ 250 um, and D ≈ 40 um (specimen L7) achieved the lowest average COF (≈0.121).
This geometry promotes a stable lubricant film, reduces the real contact area, and facilitates
lubricant replenishment and debris removal, thereby enhancing friction reduction and
wear resistance under boundary-lubrication conditions. (5) Limitations and future work.

The present study evaluates tribological performance only for composite sinusoidal–
circular textures. Because single-feature textures (sinusoidal-only and pit-only) were not
fabricated, a strict demonstration of synergistic enhancement cannot yet be quantitatively
established. Future work will prepare and compare single-feature textures to isolate the
respective contributions of grooves and pits and to verify whether the hybrid design
provides measurable synergistic benefits beyond those of individual texture types.
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