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ABSTRACT

To show the effect of surface texture on transfer film growth of continuous

carbon fiber-reinforced thermoplastic poly(ether ether ketone) (CCF-PEEK),

tribological behaviors of untextured and laser-engraved-dimple-textured WC–

Co, TiN and DLC surfaces dry-sliding against CCF-PEEK pin were studied in

ambient atmosphere (pv = 0.46 MPa•m/s). Little tribo-film formed on untex-

tured WC–Co, TiN and DLC, but continuous, relatively uniform CCF-PEEK

transfer films with micron-level thickness grew from the majority of dimples

along the sliding direction on textured WC–Co, TiN and DLC. A stable reduc-

tion in coefficient of friction by nearly 38.3% was achieved by textured WC–Co

compared to the untextured. Texturing also yielded significant friction reduc-

tion to TiN, but almost did not lower the friction of DLC. Micro-cutting effect

from the dimple texture edges probably caused considerable material removal

of the counterpart CCF-PEEK pin and the repetitive friction cycles shaped the

CCF-PEEK wear debris into the tribo-films. The friction reduction could be

primarily attributed to the substantial mediation of tribological CCF-PEEK

transfer films on the sliding interface. This study indicates that surface texture

can facilitate the growth of polymeric transfer films with tribological application

potentials in dry-sliding conditions.
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Introduction

Owing to high specific strength, high specific stiff-

ness, relatively high thermal stability, good biocom-

patibility and decent resistance to chemicals,

radiation and wear, semi-crystalline thermoplastic

poly(ether ether ketone) (PEEK) has extensive appli-

cations in modern industries ranging from automo-

tive, aviation, aerospace to biomedical departments

[1–3]. To further improve mechanical and thermal

properties, hard carbon fibers are frequently

employed as fillers to reinforce a relatively soft PEEK

matrix to create a composite (carbon fiber-reinforced

PEEK, CF-PEEK) [4]. According to the length of filled

carbon fibers, CF-PEEK can be divided into two cat-

egories: short carbon fiber-reinforced PEEK (SCF-

PEEK) and long/continuous carbon fiber-reinforced

PEEK (CCF-PEEK). The carbon fiber mass fraction for

SCF-PEEK is generally lower than 35%, while this

value can be over 65% for CCF-PEEK. Filled fiber

content significantly affects mechanical and tribo-

logical properties of PEEK-based composites [5, 6].

Material transfer during loaded sliding between a

polymer and its counterface frequently occurs

resulting in the growth and formation of polymeric

transfer films on the counterface, and these interfacial

tribo-films remarkably influence tribological behav-

iors of rubbing surfaces [7]. Attributed to good duc-

tility of thermoplastic PEEK, CF-PEEK composites

could generate transfer films on frictional interfaces

[8], thereby intimately impacting service life of

numerous functional parts. Therefore, it is of signifi-

cance to understand the growth mechanisms of CF-

PEEK transfer films and the effects on friction and

wear, especially in practical applications where

unlubricated conditions are desirable.

For a certain CF-PEEK composite working in

specific sliding conditions (i.e., load, sliding speed,

temperature and atmosphere), counterface topogra-

phy plays a key role in the formation of CF-PEEK

transfer films. Ovaert [9] studied the effects of surface

roughness (Rq) of mild steel on interfacial film growth

and tribological behaviors during dry sliding against

neat PEEK and CCF-PEEK composite at room tem-

perature. The measured temperature rises by ther-

mocouple mounted adjacent to the wear track were

approximately 6 �C and 4 �C for PEEK - steel and

CCF-PEEK - steel tribo-systems, respectively, negli-

gible compared to PEEK’s glass transition

temperature ([ 140 �C). Compared to neat PEEK,

CCF-PEEK exhibited considerably lower coefficient

of friction (COF) and wear loss, which were attrib-

uted to the lubricating effect of added carbon fibers.

At a relatively low Rq (0.14 lm), small patches of

CCF-PEEK material transfer happened in the rough-

ened steel surface grooves crossing nearly perpen-

dicular to the wear track. Increasing the Rq to 0.23 lm
resulted in an apparent increase in the number of the

small patches. At a much higher Rq of 1 lm, forma-

tion of large-area, continuous transfer films was sig-

nificant. With increasing the Rq from 0.1 lm to

0.85 - 1 lm, the CCF-PEEK - steel tribo-pair COF

decreased from approximately 0.33 to about 0.21.

This early study clearly indicates that the increase in

steel surface roughness was favorable to friction

reduction and facilitated the growth of CCF-PEEK

transfer films on the steel surface. Recently, Zhang

et al. [10] carried out similar studies with SCF-PEEK

dry sliding against 100Cr6 steel and drew coincident

conclusions in terms of variations of COF and growth

degree of SCF-PEEK transfer films on the worn steel

surface with steel surface roughness. Compared to

above studies [9, 10] performed in low pv (Pa•m/s)

and room temperature conditions, Nunez et al. [11]

investigated the effect of surface roughness on SCF-

PEEK material transfer at elevated pv

(7 9 2.4 MPa•m/s) and temperature (60 �C) and

obtained a contradictory conclusion that continuous,

uniform SCF-PEEK transfer layers (approximately

0.3 lm thick) formed on the worn surface of mirror-

polished grey cast iron (Rq\ 0.1 lm), whereas dis-

continuous transfer films grew on a much rougher

surface (Rq * 2.16 lm). Apparently, the effect of

counterface surface roughness on transfer film for-

mation of CF-PEEK composites still remains rela-

tively controversial and thereby needs further

quantitative investigations.

The countermated materials are mainly steel in

previous studies on tribo-film growth of PEEK and

CF-PEEK composites [9–17], but worn steel surfaces

are relatively reactivable and tend to chemically

interact with ambient oxygen because of frictional

mechanical–thermal coupling effect, especially in

high pv dry-sliding conditions [18]. To avoid inter-

ference from tribo-oxidation as far as possible,

chemically inert tungsten carbide (WC) that has been

extensively used to produce cutting tools is a rela-

tively ideal material to purely investigate polymeric

material transfer during loaded sliding.
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In addition, CF-PEEK composites can be used as

biomaterials to make artificial joint implants, such as

acetabular cups of hip joints and cartilages of knee

joints [19–21]. Due to the presence of natural physi-

ological fluid, engraving surface texture is a preferred

strategy to reduce friction and wear of articulation

interfaces [22]. Owing to remarkable wear resistance,

TiN [23–25] and DLC [26–28] have been considered

as surface coating/film candidates to protect metallic

implants (e.g., titanium alloy femoral heads coun-

termated with CF-PEEK acetabular cups in totally

replaced hip joints) from premature wear failure.

From the viewpoint of machining tribology, fabrica-

tion of surface texture [29, 30] and deposition of TiN

and DLC [31–33] are potential surface modification

options to prolong the service life of CF-PEEK com-

posite dry-cutting tools.

Micro-scale surface texture can effectively simulate

surface roughness, thus providing a controllable

approach to studying material transfer during loaded

sliding. Surface texture has long been widely

employed to enhance tribological properties of vari-

ous mechanical components (e.g., thrust bearings,

journal bearings, piston rings and mechanical seals)

under lubricated conditions by primarily creating an

additional fluid hydrodynamic lift [34–36]. Com-

pared to surface roughness, the most significant

advantage for surface texture lies in its accurately

controllable shape, size, orientation and distribution.

However, sliding-induced material transfer of CF-

PEEK composites onto well-defined textured surfaces

and the effects on friction and wear behaviors have

not yet been understood well. This present study is

mainly focused on transfer film growth of CCF-PEEK

composite dry-sliding against untextured and dim-

ple-textured cemented carbide (WC–Co), TiN and

DLC in ambient conditions and the effect on friction.

Materials and methods

Materials

WC–Co

Disks (/ 50 9 6 mm) were made of cemented carbide

containing 6 wt. % Co (WC–Co, commercial No.

YG6, * 90 HRA). One flat surface of a WC–Co disk

was mirror-polished to a surface roughness of less

than 0.05 lm (Sa). The mirror-polished bottom

surface was used as the counterpart surface in fric-

tion tests and as the substrate surface for coating/film

deposition and for surface texture fabrication.

TiN and DLC

TiN coating was deposited on the mirror-polished

WC–Co surface from a high pure Ti target

(400 9 100 9 5 mm, 99.99%) by direct current mag-

netron sputtering (DCMS) technique. The WC–Co

disk was ultrasonically cleaned in ethanol (C 99.7 wt.

%) for 15 min before mounted in the DCMS vacuum

chamber. High pure Ar gas (99.99%) was first intro-

duced to etch the polished WC–Co surface for 10 min

after the base pressure was decreased to 1 9 10–3 Pa.

The deposition parameters were as follows: working

pressure 0.66 Pa, bias voltage - 80 V, reactive nitro-

gen gas flow rate 18 cm3/min, temperature 250 �C
and deposition time 120 min. A similar DCMS

deposition process was employed to prepare DLC

film on the mirror-polished WC–Co surface from a

high pure graphite target (400 9 100 9 5 mm,

99.99%). The corresponding deposition parameters

included working pressure 0.55 Pa, bias volt-

age - 80 V, temperature 130 �C and deposition time

120 min.

Laser confocal scanning microscope (LCSM) was

used to measure surface roughness (Sa) of the as-de-

posited TiN and DLC in a 130 9 130 lm area, while

scanning electron microscope coupled with X-ray

energy-dispersive spectroscopy (EDS) was employed

to characterize the surface and cross section mor-

phologies. In addition, nano-indentation technique

was utilized to measure the surface elastic modulus

and hardness. Nano-indentation tests were based on

the continuous stiffness measurement mode and a

three-sided diamond pyramid probe (Bercovich) was

used. The maximum indentation load was set at 5,000

lN, and the loading, load-maintaining and unloading

durations were 10 s, 20 s and 10 s, respectively. Oli-

ver - Pharr method was used to determine the

elastic modulus and hardness based on the

load - displacement curves [37].

LCSM-measured surface roughness (Sa) values

were 20.3 ± 3.1 nm and 13.1 ± 2.7 nm for TiN and

DLC, respectively, indicating that both the DCMS-

deposited TiN and DLC on the mirror-polished WC–

Co substrate had a relatively smooth surface. In

addition to surface roughness, thickness, elastic

modulus and hardness are given in Table 1. TiN
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possessed much higher elastic modulus and hardness

than DLC. Nano-grains were uniformly distributed

on the surface of TiN coating (Fig. 1a1), whereas an

amorphous topographical feature was apparent for

DLC film (Fig. 1b1). TiN (Fig. 1a2) and DLC

(Fig. 1b2) had a close thickness of less than 0.8 lm.

EDS elemental analyses were performed on TiN and

DLC surfaces as reference for chemical composition

analyses of rubbed areas after friction tests. As both

TiN and DLC were relatively thin, the tungsten

elemental signals were still strong during EDS

detection and the WC–Co substrates were faintly

visible.

Dimple-shaped surface texture

Dimples were fabricated on the mirror-polished WC–

Co surface using a femtosecond laser. The engraving

parameters were as follows: power 10 W, pulse fre-

quency 100 kHz and scanning number 20. The

Table 1 Surface roughness (Sa), thickness, elastic modulus and hardness of as-deposited TiN coating and DLC film on polished WC–Co

by direct current magnetron sputtering

Surface roughness (nm) Thickness (lm) Elastic modulus (GPa) Hardness (GPa)

TiN 20.3 ± 3.1 0.74 ± 0.04 288.67 ± 29.54 19.27 ± 4.01

DLC 13.1 ± 2.7 0.71 ± 0.02 118.82 ± 4.91 7.27 ± 0.48

Figure 1 (n1, n2) SEM topography/EDS spectrum and SEM cross section morphology of the as-deposited coating/film, respectively:

n = a, TiN coating; n = b, DLC film.
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diameter and depth were about 90 lm and 100 lm,

respectively, indicated by the LCSM image in Fig. 2.

TiN and DLC were deposited on dimpled WC–Co

surfaces to obtain dimpled TiN and dimpled DLC,

respectively.

CCF-PEEK

The used CCF-PEEK composite is commercially

available. The PEEK matrix is reinforced by T700

continuous carbon fibers (* / 8 lm) and the fiber

weight percentage reaches about 66% namely. Fig-

ure 3a shows PEEK’s chemical structure. The

repeating unit is an aromatic backbone molecular

chain, interconnected by ketone and ether functional

groups, and contains 19 carbon, 12 hydrogen and 3

oxygen atoms, indicating that carbon is the primary

element of a PEEK molecule. The properties of this

CCF-PEEK composite are summarized in Table 2.

The CCF-PEEK was machined to cylindrical pins

(/5 9 10 mm) and disks (/50 9 6 mm). The LCSM

topographies of bottom surfaces of the pin and disk

samples for friction tests are shown in Fig. 3(b, c),

respectively. The long carbon fibers were perpen-

dicular to the bottom surfaces of the pin (Fig. 3b), but

parallel to the bottom surfaces of the disk (Fig. 3c).

Friction tests

Friction tests were carried out using pin-on-disk

model of a commercial tribometer in air ambient

atmosphere at room temperature * 25 �C and rela-

tive humidity * 65%. Figure 3d shows the specific

experimental setup. The WC–Co disk was driven in a

clockwise rotational motion against the stationary

CCF-PEEK pin without a lubricating medium (i.e.,

dry-sliding friction). The CCF-PEEK pin carbon fibers

were perpendicular to the disk bottom surface. The

applied normal load (F) and the sliding speed (v) of

the pin bottom surface center relative to the disk

surface were 60 N and 150 mm/s (sliding radius

11 mm, rotation speed 130.28 rpm), respectively,

corresponding to a pv value of 0.46 MPa•m/s. The

total cycle number was set at 10,000 for every friction

test. For comparison, friction tests were also per-

formed with CCF-PEEK disk dry-sliding against

CCF-PEEK pin in the same conditions. Table 3 lists

the tribo-pairs and friction test parameters.

Prior to a friction test, the tribo-pair was cleaned by

ethanol (C 99.7 wt. %). During the test, the friction

curve was recorded in situ. After friction tests, the

wear tracks of WC–Co disks were examined by

LCSM and/or SEM/EDS to develop insight into the

wear topographies. LCSM is able to present height

difference of worn surfaces, while SEM/EDS is

powerful to reveal wear topographical feature

details. Synergetic observation strategy of LCSM and

SEM/EDS at the same position was adopted to

characterize wear topographies in this study.

Results

Coefficient of friction

Figure 4 shows the friction curves of the listed 7

tribo-pairs in Table 3. The different friction curves

with the same color in a sub-figure come from inde-

pendent experiments.

Figure 2 Laser-fabricated

dimple-shaped surface texture

on mirror-polished WC–Co

surface with dimension

characterization.
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Compared to TiN, DLC and CCF-PEEK, mirror-

polished WC–Co exhibited a stable COF with mar-

ginally decreasing tendency averagely from

0.248 ± 0.008 to 0.235 ± 0.008 in the steady friction

stage (Fig. 4a). The deposition of TiN coating not only

slightly increased but also significantly fluctuated the

Figure 3 a Molecular structure of PEEK; b, c LCSM topographies of CCF-PEEK pin bottom surface and CCF-PEEK disk surface,

respectively; d schematic diagram of pin-on-disk model and experimental setup of dry-sliding friction test.

Table 2 Properties of CCF-

PEEK composite used for

friction tests

Matrix material Poly(ether ether ketone)

Fiber type T700 continuous carbon fiber (* l8 lm)

Fiber weight percentage 66%

Density 1.58 g/cm3

Tensile strength 2,200 MPa

Tensile modulus 130 GPa

Flexural strength 2,000 MPa

Flexural modulus 116 GPa

Compressive strength 1,200 MPa

Compressive modulus 120 GPa

Distortion temperature 332 �C
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COF. The COF of DLC film displayed a gradual

decreasing at first and then an increasing symmetri-

cally as the friction test proceeded, but maintained at

a much lower level than that of WC–Co for the most

majority of 10,000 friction cycles. The COF of CCF-

PEEK disk dry-sliding against CCF-PEEK pin

showed a similar variation to that of DLC, but had

more friction cycles of lower values. Overall, TiN

showed slightly higher friction than WC–Co, whereas

depositing DLC considerably lowered the friction of

WC–Co during dry sliding against CCF-PEEK.

The COF of dimpled WC–Co exhibited a similar

variation to that of untextured WC–Co after the run-

in stage (Fig. 4b), but was significantly lower (aver-

agely 0.145 ± 0.012 at the end), indicating that fab-

rication of dimple-shaped texture led to a substantial

COF reduction by nearly 38.3%. Likewise, texturing

caused an effective friction reduction to TiN coating

(Fig. 4c), but the COF of dimpled TiN gradually

increased after about 4,000 friction cycles (still lower

than the COF of untextured TiN at the end). In con-

trast, texturing failed to lower the friction of DLC film

(Fig. 4d). Apparently, texturing was able to stably

lower the friction of WC–Co in the conditions of dry-

sliding friction against CCF-PEEK, while such fric-

tion-reducing effect for TiN gradually degraded as

the friction test proceeded.

Wear topography

WC–Co

Figure 5a shows the overall wear topography of

mirror-polished WC–Co. Figure 5a1 is the high-

magnification LCSM contour of region A perpendic-

ularly crossing the wear track edge. The profile at

61.62 lm was unable to show wear loss, indicating

that the specific wear rate of WC–Co was nearly zero

after dry-sliding against CCF-PEEK for 10,000 friction

cycles. The SEM image in Fig. 5a2 shows that narrow

and shallow furrows along the sliding direction were

almost the only wear feature in the rubbed WC–Co

areas, suggesting that the predominant wear mecha-

nism of WC–Co during dry sliding against CCF-

PEEK was abrasive wear.

In comparison, stripe-like dark coverings along the

sliding direction were present in the majority of

dimple areas on the textured WC–Co wear track

(Fig. 5b). A typical dimple area in region B is mag-

nified in Fig. 5b1. This dimple texture was fully filled

with dark substances. The thickness of the stripe-like

dark covering layers extending out from this dimple

texture was about 0.7 lm, indicated by the profile at

196.8 lm. Figure 5b2 is the high-magnification SEM

image of region C. EDS spectra revealed that carbon

element signal was weak at spot 1 (16.56 wt. %/69.31

at. %, tungsten element signal predominant,

Fig. 5b3), but became comparably strong to that of

tungsten at spot 2 (61.17 wt. %/81.26 at. %, Fig. 5b4)

and predominant at spot 3 (78.19 wt. %/83.56 at. %,

tungsten element signal almost disappearing,

Fig. 5b5). Apparently, carbon was the primary ele-

ment of these dark coverings, indicating that these

substances chemically originated from the counter-

part pin, i.e., CCF-PEEK composite, and thus these

thin layers were essentially tribological CCF-PEEK

transfer films.

The CCF-PEEK tribo-films in the non-textured

WC–Co areas (nearby the dimple texture) were thin

(* 0.7 lm thick) so that the tungsten element signal

was relatively strong at spot 2 during EDS detection

(Fig. 5b4). In comparison, thick multi-layer transfer

films formed inside the dimple (Fig. 5b2). Neverthe-

less, cracks formed surrounding the south edge of the

dimple texture (Fig. 5b2), interrupting the continuity

Table 3 Friction test parameters (dry sliding, ambient atmosphere)

No Disk Pin Normal load (N) Sliding speed (mm/s) pv value (MPa•m/s) Friction cycle

1 WC–Co CCF-PEEK 60 150 0.46 10,000

2 Dimpled WC–Co CCF-PEEK 60 150 0.46 10,000

3 DLC CCF-PEEK 60 150 0.46 10,000

4 Dimpled DLC CCF-PEEK 60 150 0.46 10,000

5 TiN CCF-PEEK 60 150 0.46 10,000

6 Dimpled TiN CCF-PEEK 60 150 0.46 10,000

7 CCF-PEEK CCF-PEEK 60 150 0.46 10,000
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of the transfer films. Repetitive loaded dry-sliding

contacts facilitated the growth of these cracks and

sporadic spalling of CCF-PEEK transfer films. The

boundaries between the transfer films and the WC–

Co substrate (e.g., region D, Fig. 5b2) were virtually

invisible, indicating that the CCF-PEEK tribo-films

were rather ductile.

TiN coating

Figure 6 shows the effect of the presence of dimple

texture on the wear topography of TiN coating.

According to coating color (brownish yellow, Fig. 6a,

b, spalling did not happen to both untextured and

textured TiN after the dry sliding against CCF-PEEK

for 10,000 friction cycles. Dark coverings were accu-

mulated at the wear track edges of untextured TiN.

Figure 6a2, high-magnification SEM image of region

B in Fig. 6a1, displays that these dark substances

were wear debris. Figure 6a1 (high-magnification

LCSM image of region (A) indicates that these dark

debris were probably counterpart CCF-PEEK pin

fragments that formed during the dry sliding and

had been expelled out from contact areas to wear

track edges. In comparison, the substantial contact

areas were clear and it appears that the loaded dry

sliding from the CCF-PEEK pin yielded a polishing

effect to the coating.

As with dimpled WC–Co (Fig. 5b), dark coverings

were present on the dimpled TiN wear track

(Fig. 6b). As indicated by Fig. 6b1 (high-magnifica-

tion LCSM image of region C), the dimple was filled

with dark substances and a film (3 - 5 lm thick,

profile 73.85 lm) formed at the dimple along the

sliding direction. Figure 6b2 shows SEM morphology

of region D and EDS analyses revealed that carbon

element content of the film neared a predominant

level at approximately 83.9 wt. %/95.6 at. %

(Fig. 6(b3, b4)), causing that tungsten, titanium and

nitrogen element signals became quite weak. The

analyses of wear topography clearly indicate that

CCF-PEEK transfer films formed in and nearby the

dimple texture areas along the sliding direction on

the dimpled TiN. Similarly, cracks were propagated

in the TiN-based CCF-PEEK transfer films (Fig. 6b2).

Compared to the smooth, thin transfer films grown in

the non-textured WC–Co areas (Fig. 6b2), the analo-

gous CCF-PEEK tribo-films on TiN were porous and

thicker.

DLC film

Similar to TiN coating (Fig. 6a), no spalling happened

to DLC film after dry-sliding against CCF-PEEK for

10,000 friction cycles (Fig. 7a). Nevertheless, along

the sliding direction on the wear track of dimpled

DLC (Fig. 7(b, b1)), long greyish white scratches were

present in the non-textured areas. The profile at

Figure 4 a Comparison of COFs of WC–Co, TiN, DLC and

CCF-PEEK during dry sliding against CCF-PEEK pin (load 60 N;

sliding speed 150 mm/s; 10,000 friction cycles; ambient

atmosphere); b-d effect of the presence of dimple-shaped

surface texture on COFs of WC–Co, TiN and DLC,

respectively. Different friction curves with the same color in a

sub-figure are from independent experiments.
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51.42 lm in Fig. 7b2 (high-magnification LCSM

image of region B) revealed that the scratch was

around 0.15 lm deep and more than 30 lm wide.

Clearly, DLC was subjected to significant plastic

deformation during dry sliding against CCF-PEEK,

yielding these relatively large plowing grooves. As

with dimpled WC–Co and dimpled TiN, the majority

of textures on the wear track of dimpled DLC were

filled with transferred CCF-PEEK and micron-level

thick CCF-PEEK transfer films along the sliding

direction grew from the dimples, e.g., the tribo-film

with a thickness of around 1 lm characterized in

Fig. 7(b3 - b6). In particular, film folding (circled

region, Fig. 7b4) took place, indicating that the grown

CCF-PEEK transfer films had good ductility and

toughness.

Discussion

Tribological performance of TiN and DLC

The overall COF of rotational CCF-PEEK disk dry-

sliding against stationary CCF-PEEK pin (CCF-

PEEK/CCF-PEEK) was lower than those of WC–Co/

CCF-PEEK, TiN/CCF-PEEK and DLC/CCF-PEEK

tribo-pairs (Fig. 4a). The COF was mostly less than

0.16 during the dry-sliding friction test, suggesting

that continuous carbon fiber-reinforced PEEK is a

self-lubricious material [38, 39]. Spalling did not

happen to TiN (Fig. 6a) though the coating presented

a slightly higher friction than bare WC–Co (Fig. 4a).

From the viewpoint of wear resistance, TiN could

protect WC–Co from premature abrasive wear while

sliding against CCF-PEEK composites (Fig. 5a2).

DLC exhibited a comparably low friction to CCF-

PEEK (Fig. 4a) and remained nearly intact (no spal-

ling) after dry-sliding against CCF-PEEK for more

than 800 m (Fig. 7a), manifesting that DLC can be

used as a low-friction and wear-resistance mating

material with CCF-PEEK composites.

Dry-sliding friction-reducing effect
of surface texture

Dimple-textured WC–Co and TiN displayed an

effective friction reduction compared to the untex-

tured (Fig. 4b, c). Particularly, texturing endowed a

stable COF reduction by nearly 38.3% to WC–Co in

the conditions of dry sliding. Under fluid lubrication,

the friction- and wear-reducing mechanisms of sur-

face texture have been fully recognized and widely

applied in various industry apartments [34–36].

Nevertheless, the friction- and wear-reducing effects

and mechanisms under dry friction still remain rel-

atively controversial. The present study unambigu-

ously demonstrates that surface texture is able to

substantially decrease friction in the conditions of

lack of fluid lubricants and suggests that texturing

can be an effective surface modification approach to

governing friction and wear of the counterfaces of

PEEK and CF-PEEK composites, such as dry-cutting

tools and artificial joints.

Effect of transfer film on friction

The presence of continuous transfer films of CCF-

PEEK yielded substantial CCF-PEEK-to-CCF-PEEK

contact areas on the wear tracks of dimpled WC–Co,

TiN and DLC. Due to lack of CCF-PEEK transfer film,

CCF-PEEK-to-CCF-PEEK contact almost did not

happen on the friction interfaces of WC–Co/CCF-

PEEK, TiN/CCF-PEEK and DLC/CCF-PEEK tribo-

pairs. As the overall COF of CCF-PEEK/CCF-PEEK

tribo-pair was significantly lower than those of WC–

Co/CCF-PEEK and TiN/CCF-PEEK (Fig. 4a), it can

be reasonably assumed that CCF-PEEK was more

lubricious than WC–Co and TiN. Therefore, the

substantial CCF-PEEK-to-CCF-PEEK contacts should

be primarily responsible for the impressive friction

reduction that dimpled WC–Co and dimpled TiN

obtained. It is material properties that dictate tribo-

logical behaviors in the same operation conditions.

Since DLC exhibited a comparable COF to CCF-PEEK

during dry sliding against CCF-PEEK (Fig. 4a), the

mediation of CCF-PEEK transfer films almost did not

lower the friction of dimpled DLC (Fig. 4d).

Transfer film growth facilitated by surface
texture

Little CCF-PEEK transfer film formed in the sub-

stantial contact areas of the untextured WC–Co

(Fig. 5a), TiN (Fig. 6a) and DLC (Fig. 7a). In com-

parison, continuous CCF-PEEK tribo-films with

micron-level thickness grew from the dimples along

the sliding direction on the textured WC–Co (Fig. 5(b,

b1)), TiN (Fig. 6(b, b1)) and DLC (Fig. 7(b, b1)). This

distinct contrast clearly indicates that dimple-shaped

surface texture can be used to facilitate the growth
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and formation of continuous transfer films of CCF-

PEEK composites in the conditions of dry-sliding

friction.

Thermoplastic PEEK could be subjected to plastic

deformation, softening and flow in the conditions of

strong mechanical–thermal coupling effect [40, 41].

Lack of CCF-PEEK transfer film in the substantial

contact areas clearly indicates that the interfacial

mechanical–thermal coupling strength in the current

friction test condition (pv = 0.46 MPa•m/s, room

temperature, 10,000 friction cycles) was unable to

induce the growth and formation of CCF-PEEK tribo-

films on smooth WC–Co (Fig. 5a), TiN (Fig. 6a) and

DLC (Fig. 7a) without surface texture. The friction

test condition in the present study cannot produce

adequate friction heat to arise the interfacial tem-

perature to approximate the glass transition temper-

ature of PEEK ([ 140 �C) [9]. Therefore, it is not the

friction heat that dominated the formation of CCF-

PEEK transfer films on the dimple-textured WC–Co,

TiN and DLC.

It is worth noting that the laser-engraved dimples

with a diameter of about 90 lm possessed a relatively

regular and large edge (Fig. 2). It can be thereby

deduced that the dimple texture edges could produce

a micro-cutting effect during the loaded dry sliding

resulting in considerable material removal of the

rubbed bottom surface of the CCF-PEEK pin. Subse-

quently, repetitive mechanical compaction re-shaped

the ductile CCF-PEEK chips that dropped off from

the pin and eventually led to the formation of the

continuous, relatively uniform and thin CCF-PEEK

tribo-films along the sliding direction. Thus, the

growth and formation of polymeric transfer films can

be effectively and efficiently tailored by means of

tuning orientation, sharpness, length and radius of

curvature of surface texture edges by changing pro-

cess parameters of laser fabrication. Therefore,

growth position, size (surface area/coverage rate and

thickness) and distribution density of lubricious

transfer films are tunable and designable for specific

interfacial applications.

Conclusions

With an emphasis on the growth and formation of

thermoplastic composite CCF-PEEK transfer films,

effects of the presence of laser-engraved dimple-

shaped surface texture on tribological properties of

WC–Co, TiN and DLC surfaces during dry sliding

against CCF-PEEK pin were studied. Based on the

analyses of the obtained friction curves and wear

topographies, the following conclusions can be

drawn:

(1) As a coating/film deposited on WC–Co surface

for dry-sliding against CCF-PEEK, TiN exhib-

ited slightly higher friction than WC–Co, while

DLC can effectively reduce the friction.

(2) Texturing effectively reduced the friction of

WC–Co and TiN in the conditions of dry

sliding against CCF-PEEK. A stable COF reduc-

tion by approximately 38.3% was obtained by

dimple-textured WC–Co compared to untex-

tured WC–Co.

(3) Little CCF-PEEK transfer film formed on untex-

tured WC–Co, TiN and DLC, but continuous

CCF-PEEK transfer films with micron-level

thickness grew from the dimples along the

sliding direction on textured WC–Co, TiN and

DLC. Micro-cutting effect of the dimple edges

probably resulted in considerable material

removal of the CCF-PEEK pin and subsequent

repetitive mechanical compaction shaped the

CCF-PEEK tribo-films. The substantial media-

tion of continuous CCF-PEEK transfer films

could be mainly responsible for the low friction

of the textured surfaces. Laser surface texture

has controllable shape, size, orientation and

distribution, thus texturing can be utilized to

facilitate the growth of CCF-PEEK transfer

films for tribological applications.
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