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Abstract

Composite powder coatings consisting of polyetheretherketone (PEEK), hexag-

onal boron nitride (hBN), and tungsten carbide cobalt chromium (WC-CoCr)

particles were prepared by mechanical grinding and applied on steel substrates

by thermal fusion of the thermoplastic polymer. The coatings contained about

20–60 vol% of hBN and WC-CoCr, and were designed to maximize modulus

and hardness and minimize friction coefficient and wear rate. The mechanical

and tribological properties of single- and double-layered coatings were charac-

terized using nanoindentation and sliding friction and wear measurements.

When the hBN concentration was about 30 vol%, the PEEK–hBN composite

modulus was lower than that of neat PEEK, which is attributed to the disrup-

tion of PEEK crystallization by the filler particles. Upon the inclusion of

WC-CoCr particles, the composite's modulus, and hardness showed a substan-

tial increase beyond PEEK values. Elastic moduli of the mixed-filler systems

were closer to the Reuss bound than the Voigt bound and could be correlated

well with the coating composition using volume-fraction-weighted powers of

component properties. Fitted values of the exponent (called the microstruc-

tural coefficient) were consistent with the expected continuity and connectivity

of the composite's hard and soft phases. Viscoplastic energy dissipation

increased with an increase in the polymer-filler interfacial area but decreased

with the soft-phase volume fraction. The plasticity index was found to increase

logarithmically with the coating modulus. The specific wear rate increased

sharply beyond a composition-dependent critical value of the plasticity index.

Mechanical polishing of the coating surfaces using abrasive slurries lowered

the friction coefficient but increased the wear rate.
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1 | INTRODUCTION

The relatively high levels of dissolved chlorides and other
salts present in seawater make corrosion a significant
problem for components, such as, gate valves in equip-
ment used for seawater injection during oil and gas pro-
duction. The surfaces of the valves must have a low
coefficient of friction to provide lubricity during the
opening and closing operations. They must be able to
withstand high pressures, and they must have a high
wear resistance. Hardfacing of the metallic surfaces using
metal alloys is often used to improve wear resistance and
extend the service life of the valve components,1 but the
resulting surfaces are prone to corrosion.2 Corrosion is
often a significant issue in metal matrix composites
(wherein metal is the predominant component in the
metal-ceramic composite coating). In fact, material fail-
ures in the offshore industry are often mainly due to cor-
rosion rather than wear. While a low friction coefficient
can be maintained by regular grease application, a long-
term solution in the form of an intrinsically low-friction
valve surface would be preferable. Diamond-like carbon
(DLC) coatings possess several of the desirable properties,
but the weak adhesion of DLC to steel alloys causes it to
delaminate from the substrate, limiting its use.3

Polymer coatings can greatly alleviate seawater corro-
sion problems while providing surface lubricity that
exceeds most metals and ceramics. Furthermore, their
relatively straightforward processing and good adhesion
to metallic substrates make them attractive for a variety
of industrial applications. Poly(oxy-1,4-phenyleneoxy-
1,4-phenylenecarbonyl-1,4-phenylene) (polyetherether-
ketone, PEEK) is a semicrystalline thermoplastic polymer
(glass transition in the range of 140 to 175�C and melting
in the range of 340 to 375�C) that is attractive for several
engineering applications because of its remarkable ther-
mochemical stability and mechanical properties.4–6 The
influence of the size and concentration of reinforcing
filler particles, such as, alumina and silica on the tribo-
logical properties of PEEK composite coatings have been
previously studied by various groups,7–12 but the friction
coefficients were relatively high, in the range of 0.30 to
0.55. Furthermore, depending on the chemical composi-
tion and microstructure of the particles, the wear perfor-
mance of the PEEK composites can be adversely
affected.13 The addition of solid lubricants, such as, poly-
tetrafluoroethylene (PTFE) and hexagonal boron nitride
(hBN) in PEEK coatings lowers the friction coefficient of
PEEK.14–19 However, weakly adhesive additives, such as,
PTFE adversely affect other desirable properties of PEEK,
such as, modulus, hardness, and wear resistance. There-
fore, tungsten carbide cermet particles were used as the
second reinforcing filler in the present study, to not only

recover the mechanical properties of PEEK but also to
enhance them. This article analyzes how the distribution
of the two fillers across the cross-section of the coating
affects its mechanical and tribological properties. A
single-layered mixed filler system and a double-layered
segregated filler system were studied.

Most previous studies in the literature on PEEK
nanocomposite coatings focus on systems with a single
type of functional filler at relatively low concentra-
tions, generally < 10 vol%.7–11,19–20 Particle aggregation
adversely affected the mechanical properties of the com-
posites at higher particle concentrations.19 In contrast,
the composite coatings of the present study contained a
relatively soft but friction-reducing hexagonal boron
nitride ceramic and a hard tungsten carbide cobalt chro-
mium (WC-CoCr) cermet, at significantly higher concen-
trations (overall particle concentration ranging from
20 to 60 vol%), yet observing monotonic improvements in
the coating modulus, hardness, and friction coefficient
over this concentration range. To our knowledge, there
are no reports on the combined influence of hexagonal
boron nitride and tungsten carbide cobalt chromium on
the mechanical and tribological properties of PEEK,
necessitating further research of this interesting three-
component system. This article provides some novel
insights into previously unreported relationships between
coating properties, such as, modulus, plasticity, and wear
rate. It also presents an in-depth analysis of the effects of
surface roughness on nanoindentation measurements of
modulus and hardness.

The weak intermolecular forces of interaction that
result in the desired surface lubricity (low friction coeffi-
cient) also weaken adhesive forces at the interface
between the coating and the substrate. Therefore, the
approach of using a base layer comprising of PEEK and
WC-CoCr, to promote adhesion to steel and to increase
coating hardness and stiffness, and a top layer comprising
PEEK and hBN was evaluated. The effects of segregation
of the two fillers into two different layers on the coating
properties were investigated. The mechanical and tribo-
logical properties of the double-layered coatings were
compared with single-layered coatings with the same
overall composition. Polymer coating compositions that
result in greatly enhanced properties for practical appli-
cations are reported.

2 | MATERIALS AND METHODS

2.1 | Composite powder preparation

PEEK (VICOTE 701, supplied by Victrex, Lancashire,
UK, in the form of a powder with ffi 50 μm sized
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particles), WC-CoCr (WC-760, Praxair Surface Tech-
nologies, Indianapolis, IN, WC 85 wt%, Co 10.5 wt%,
and Cr 4.5 wt%, fine carbide grain size), hexagonal
boron nitride (hBN, Industrial Supply, Twin Falls, ID)
were used.

The composite powders were prepared by grinding
the PEEK powder with the hBN and/or WC-CoCr pow-
ders in absolute ethanol (Pharmco-Aaper). A planetary
ball mill (PQ-N2 Gear-Drive Planetary Ball Mill, Across
International, Berkeley Heights, NJ), equipped with
four 250-ml stainless steel jars and 6-mm (280 in num-
ber) and 10-mm (40) stainless steel balls, was used. The
grinding of the particles in the slurry (50 g solids in
150 ml ethanol) was performed for 10 h, at 40 Hz and
500 rpm, changing rotating directions every 30 min.
The particles settled out after the dispersions were
allowed to stand overnight. The clear ethanol superna-
tant was decanted off. The wet mass of the settled
solids was dried in an oven at 100�C and ambient pres-
sure for about 1 h before further processing or charac-
terization. Table 1 gives the compositions of the
powders (and the coatings obtained using these
powders).

Figure 1(a) is a photograph of a ball-milled composite
powder, and Figure 1(b) is a scanning electron micros-
copy (SEM) image. Additionally, Figures S1 to S5 in
Supporting Information show the SEM images of the as-
received PEEK, hBN, and WC-CoCr powders, a ball-
milled neat PEEK powder, and a ball-milled PEEK–hBN
composite.

2.2 | Composite coating preparation

The coatings were prepared by hot pressing the compos-
ite powders onto 2-mm thick 4130 alloy steel substrates
at a temperature of 400�C using a compression molding
press (Wabash MPI Carver, Model 25–1212-2TMB,
Wabash, IN) and a steel mold shown in Figures 1(c) and
1(d). The procedure is described in Supporting Informa-
tion. Figures 1(e) and 1(f) show photographs of steel sub-
strates coated with the composite powder. Two types of
coatings were studied: single-layered and double-layered
structures. For preparing the double-layered coatings, a
weighed amount of the powder of the desired bottom-
layer composition (consisting of PEEK and WC-CoCr)
was placed on the steel substrate and compacted in the
mold at room temperature to achieve uniform coverage
of the substrate. Then, the powder of the desired top-
layer composition (consisting of PEEK and hBN) was
applied uniformly on the compact bottom layer. The
assembled double-layered green compact was hot-pressed
at 400�C. In Table 1, the sample names of single-layered
coatings are prefixed with ''S'' and those of the double-
layered coatings with ''D''. The numbers in the sample
names indicate the wt% of hBN and WC-CoCr.

The coatings were polished first using a water-based
polycrystalline diamond suspension containing particles
of 0.5 μm size (Allied High Tech Products Inc, Rancho
Dominguez, CA) and a Billiard polishing cloth, and then
with an aqueous dispersion of alumina particles of
0.05 μm diameter and a synthetic rayon cloth
(MicroCloth, Buehler, Lake Bluff, IL). A Buehler Eco-
Met III polisher (Buehler, Lake Bluff, IL) was used (cf.
Supporting Information). Their surface roughness was
determined using a TI-950 Triboindenter (Hysitron Inc.,
Minneapolis, MN) by carrying out ''raster'' scans using a
Berkovich tip.

3 | CHARACTERIZATION
METHODS

3.1 | Morphological characterization

Coating surface morphology and filler particle distribu-
tion within the polymer matrix were analyzed using
JEOL 7400 high-resolution field emission scanning elec-
tron microscope coupled with an energy-dispersive X-ray
spectroscopy (EDXS) detector. SEM analyses of cross-
sections of the coatings were also carried out to deter-
mine the thickness of individual layers. The SEM speci-
mens were prepared by cutting out coupons from the
coated substrate using a diamond saw (12.7-mm Arbor
IsoCut wafering blade, Buehler, Lake Bluff, IL). Figure 1

TABLE 1 Concentrations of WC-CoCr, hBN, and PEEK in

powders used to prepare the single-layered and double-layered

composite coatings

Weight percent
Density

PEEK hBN WC-CoCr (g cm−3)

Single-layered coating

S40 60.0 20.0 20.0 1.77

S50 50.0 25.0 25.0 1.94

S65 35.0 32.5 32.5 2.25

Double-layered coating: the top layer

D40 60.0 40.0 0.0 1.55

D50 50.0 50.0 0.0 1.62

D60 40.0 60.0 0.0 1.70

Double-layered coating: the bottom layer

D40 60.0 0.0 40.0 2.07

D50 50.0 0.0 50.0 2.41

D60 40.0 0.0 60.0 2.89
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(f) shows a photograph of a substrate from which sam-
ples were cut. The coupon was mounted in a 25-mm
diameter cylindrical epoxy mold such that the coating
cross-section was exposed for SEM analysis. The epoxy
mold assembly was polished using a series of sandpapers,
starting from 200-grit and finishing with 1000-grit, to
remove excess epoxy and obtain a smooth cross-section
of the coated steel substrate for microscopy. Powder sam-
ples were sprinkled on double-sided adhesive carbon
tapes attached to aluminum stubs. All SEM specimens
were sputter-coated with a thin Au/Pd layer.

3.2 | X-ray diffraction

A Bruker D8 FOCUS diffractometer, equipped with a Ni
foil filtered 0.154 nm Cu Kα X-ray source (2.2 kW Cu
anode), a Bragg–Brentano theta-2theta geometry, and a
scintillation counter detector, was used to generate the X-
ray diffraction (XRD) patterns of the powders and the

coated substrates. For data acquisition, a scanning speed
of 0.05� per second was used. The characterization was
performed at room temperature. The XRD pattern of the
uncoated steel substrate was also acquired. The XRD pat-
terns of the coated substrates did not exhibit significant
peaks corresponding to the underlying steel substrate.

3.3 | Nanoindentation

Nanoindentation measurements were performed using
the TI-950 Triboindenter, wherein a load was continu-
ously applied to the indenter, and the depth of penetra-
tion into the specimen was measured. A standard
trapezoid load function was used with loading and
unloading times set at 5 s and the holding time at 3 s.
The applied loads (Pmax in Figure 2) ranged from 4 mN to
a maximum of 10 mN with 0.25 mN increments (in load
control). In general, 50 indentation measurements,
involving two sets of sequential increase in Pmax from

FIGURE 1 (a) Photograph of a

ball-milled powder coating

composition containing PEEK, hBN,

and WC-CoCr. (b) SEM image of the

composite powder. (c and d) Steel

mold consisting of four square wells

that hold the 5 × 5 cm steel

substrates to be coated. Film

thickness was controlled by the

amount of polymer loaded into the

mold. (e) Top view of a steel

substrate coated with the PEEK/

hBN/WC-CoCr composite. (f) Side-

view of a coated steel substrate cut

with a diamond saw, showing good

adhesion of the coating to the

substrate [Color figure can be

viewed at wileyonlinelibrary.com]
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4 to 10 mN, were made on each coating. All indents were
on distinct points on the sample surface that were sepa-
rated by a distance of 10 μm. The data obtained from
these experiments were analyzed using the standard
procedure,21–22 and statistical outliers were excluded.

The unloading portion of the load vs. displacement
data were fitted to an empirical equation

P=A h−hfð Þm ð1Þ

where A, hf, and m are fit parameters. The stiffness, S, is
the slope of P vs. h at the maximum indentation
depth, hmax:

S=
dP
dh

����
h= hmax

ð2Þ

The reduced modulus, Er, is calculated from stiffness
using:

Er =
S
2

ffiffiffiffiffi
π

Ac

r
ð3Þ

where the contact area, Ac, is a function of the contact
depth, hc, defined as:

hc = hmax−
εPmax

S
ð4Þ

For an ideal Berkovich tip, ε = 0.75 and Ac = 24:5h2c .
The reduced modulus depends not only on the specimen
modulus but also on the modulus of the diamond
indenter.21–22 Because the Young's modulus of the

indenter (ffi 1140GPa) is two orders of magnitude greater
than that of the coatings tested, the reduced modulus and
specimen modulus will differ only by an insignificant
amount.

The hardness, H, defined as the material's resistance
to plastic deformation under load, is related to the maxi-
mum applied load, Pmax, by:

H =
Pmax

Ac
ð5Þ

Plasticity index, ψ , which is used to quantify a mate-
rial's viscoplasticity, was calculated using the areas, A1

and A2, under the load–displacement plots, as shown in
Figure 2 and Equation (6).

ψ =
A1

A1 +A2
ð6Þ

ψ = 0 corresponds to a fully elastic behavior, and ψ = 1,
completely plastic behavior.

3.4 | Tribology

Tribological tests were carried out using a commercial tri-
bometer (BLR100, Bud Labs, Rochester, NY), equipped
with a linear reciprocating ball-on-flat plane geometry,
configured to measure the wear volume and the coefficient
of kinetic friction of a flat surface in sliding contact with a
spherical rider. A steel ball (52,100 alloy steel) of 6.35 mm
diameter and hardness of 62 HRC was moved back and
forth over the test surface under a normal force, W, of
1 kgf (9.8 N) at room temperature with no lubrication.
Each test was performed at a speed of 5 cycles s−1

(300 rpm) and a stroke length, l, of 10 mm (in each direc-
tion), for 36 min (corresponding to ncycles = 10,800 cycles).
The wear track was analyzed using stylus profilometry, in
a direction perpendicular to the stroke length. Wear vol-
ume, V, was calculated as the product of the cross-
sectional area of the wear track and the wear track length.
The friction force was measured throughout the test and
converted to a coefficient of friction. The specific wear
rate, ws (mm3 N−1 m−1), was calculated using the Archard
wear equation [Equation (7)] 23:

ws =
V
WL

ð7Þ

where the wear volume loss, V, is in mm3 and L, the total
sliding distance, equal to 2 × l × ncycles, is in meters. The
sliding speed, calculated from the stroke length and the
number of cycles per second, was 0.1 m s−1.

FIGURE 2 Representative load vs. displacement data. The

dashed curve is the best fit of the unloading section of the data to

equation (1) [Color figure can be viewed at wileyonlinelibrary.com]
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4 | RESULTS AND DISCUSSION

4.1 | Coating composition

Table 1 shows the compositions of the composite pow-
ders and coatings of the present study. In each coating,
the mass concentration of hBN was the same as that of
WC-CoCr. The average density, ρc, of the composite was
estimated using:

ρc =
100P

i
Ci=ρið Þ ð8Þ

where ρi is the density of component, i in the composite, and
Ci is its concentration in wt%. In using Equation (8), it is
assumed that the coatings prepared by compacting the com-
posite powders at a temperature of 400�C, which is greater
than the melting temperature of PEEK (343�C), have negligi-
ble porosity. The low porosity of the coatings is visually con-
firmed from their cross-sectional SEM images (vide infra).
The volume percentage of PEEK, hBN, and WC-CoCr in the
composite was calculated using their densities,
ρp ffi 1.32 g/cm3, ρf,1 ffi 2.1 g/cm3, and ρf,2 ffi 13.8 g/cm3,
respectively (see Supporting Information), and Equation (9):

ϕi =
Ci

100

� �
ρc
ρi

� �
ð9Þ

where ϕi is the volume fraction of component i in the
composite.

Because of the large difference in the densities of hBN
and WC-CoCr, the volume of hBN in the coating was ffi
6.6 times higher than the WC-CoCr volume. The single-
layered coatings consisted of both hBN and WC-CoCr
throughout the coating volume. On the other hand, the
double-layered coatings contained only hBN filled PEEK
in the top layer, and only WC-CoCr filled PEEK in the
bottom layer. The PEEK volume percent ranged from
59% to 81% in the single-layered coatings. It varied from
51% to 71% in the top layer and 87% to 94% in the bottom
layer of the double-layered coatings. See Table S1 in
Supporting Information for vol% concentrations.

A total filler concentration as high as 65 wt% yielded
compact single-layered coatings with good cohesive strength
between the filler particles and the matrix. However, it was
not possible to obtain suitable double-layered coatings con-
taining more than about 60 wt% of hBN in the top layer.

Table S2 (Supporting Information) gives selected
physical properties of PEEK, hBN, and WC-CoCr. PEEK,
hBN, and WC-CoCr have a modulus of 6.3, 20, and
590 GPa, respectively, and their hardness values are 0.39,
0.20, and 30 GPa, respectively.

4.2 | Surface and cross-sectional analyses
of the PEEK composite coatings

SEM of the surfaces of the single- and double-layered
coatings, shown in Figure S6 (of Supporting Informa-
tion), indicate that the hot-pressing process used in this
study resulted in compact films with a moderate degree
of surface roughness. SEM images of the coating cross-
sections are shown in Figure 3. Using cross-sectional
SEM analysis, the thickness of the single-layered coatings
was found to be in the range of 200–300 μm, consistent
with the thickness calculated using the composite den-
sity. SEM images of cross-sections of the double-layered
coatings confirmed a layered architecture and were used
to determine the individual layers' thickness. A clear dis-
tinction between the coating's base layer and the top
layer was observed [see Figure 3(b)]. The double-layered
coatings had an overall thickness of 400–500 μm, and the
top layers were 250–300 μm thick.

The thickness of the compression-molded coatings, in
μm, is related to the mass, mc (g), and density,
ρc (g cm−3), of the composite powder, and area, As (cm

2),
of the substrate according to:

tc =
mc

ρcAs
× 104 ð10Þ

The estimated density values for composites of differ-
ent compositions are given in Table 1, using which the
coating thicknesses could be calculated and found consis-
tent with experimental observations.

The blending of the powder components using the
ball-milling process was necessary to obtain uniform
coatings. Figures S7 and S8 in Supporting Information
show the energy-dispersive X-ray spectroscopy images of
the surfaces of two different coatings: one prepared by
compression molding of a blend of the as-received PEEK,
hBN, and WC-CoCr powders obtained by manually shak-
ing a mixture of the powders in a capped glass vial, and
the other prepared using the ball-milled combination. A
much more uniform distribution of hBN in the polymer
matrix was observed when the ball-milled powder blend
was used for preparing the coatings.

4.3 | X-ray diffraction analysis of
composite powders and coatings

The crystallinity of PEEK in its coatings is known to have
a substantial effect on its mechanical properties.24 An
XRD analysis was conducted to investigate the nature of
the polymer in the composite coatings. Figure 4 shows
the X-ray diffraction patterns of PEEK powder, WC-CoCr
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powder, hBN powder, the alloy steel 4130 substrate, a
PEEK coating on the steel, and a representative mono-
layer coating consisting of PEEK, hBN, and WC-CoCr.

X-ray reflections from PEEK's orthorhombic unit
cell25 resulted in intensity peaks at 2θ angles of 18.7�,
20.6�, 22.9�, and 28.8� in the XRD pattern of the polymer.
These 2θ peak positions correspond to reflections from
the (110), (111), (200), and (211) planes, respectively.25–26

Both the as-received powder and the compression-
molded specimen of PEEK showed these peaks in their
individual XRD patterns. However, the diffraction peaks
were sharper (that is, their widths were narrower) for the
compression-molded samples, indicating a higher degree
of crystallinity because of the melting and slow crystalli-
zation of the chains during the molding process. Hedayati
et al.27 used XRD to analyze the crystallinity of powder
composites of PEEK and silica nanoparticles surface-
functionalized with 3-glycidoxypropyltrimethoxysilane
prepared by ball milling. They found that the

semicrystalline structure of PEEK was transformed into a
completely amorphous structure during the early stages
of ball milling and remained amorphous after that. How-
ever, the XRD pattern of the PEEK, hBN, and WC-CoCr
composite coating of the present study did show the char-
acteristic peaks of crystalline PEEK (see Figure 4), albeit
of low intensity, attributed to some recrystallization of
the polymer chains during compression molding.

hBN showed a diffraction peak at 26.6� due to diffrac-
tion by the (002) set of planes in the graphite-like struc-
ture of hBN.28 The XRD pattern of the WC-CoCr cermet
particles is discussed in Supporting Information. The
alloy steel 4130 exhibited XRD peaks at 44.5�, 65.0�, and
82.3� corresponding to (110), (002), and (121) reflections
of α-iron (ferrite) with a body-centered cubic structure.

4.4 | Nanoindentation measurements of
modulus, hardness, and plasticity index

Figure 5 shows load–displacement curves for a represen-
tative unpolished single-layered coating. The scatter in
the plots indicates a distribution of surface stiffness
(hardness) values.

FIGURE 3 SEM images of cross-sections of (a) S40 and

(b) D60 coatings on steel. The top hBN/PEEK and bottom WC-

CoCr/PEEK layers are seen in the image for D60

FIGURE 4 X-ray diffractograms of the PEEK, hBN, and WC-

CoCr raw materials (powders), the alloy steel substrate, and a

representative composite coating (55 wt % PEEK, 22.5 wt% hBN,

and 22.5 wt% WC-CoCr) on the steel substrate. XRD of the

unpolished PEEK coating on the steel substrate is also shown
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In other words, the surface stiffness varied at different
points on the surface, which is attributed to factors, such
as, a variation in the local composition of PEEK, hBN,
and/or WC-CoCr on the coating surface; the anisotropic
mechanical properties of the hBN and WC-CoCr filler
particles;29 the differences in the mechanical properties
of crystalline and amorphous domains of PEEK at the
surface of the coatings;24 and measurement artifacts
introduced by surface roughness.

A similar scatter in the load–displacement plots was
observed for unpolished (unfilled) PEEK coating as well
(data not shown). Polishing the coatings' surfaces before
nanoindentation measurements decreased the surface
roughness and reduced the scatter in the load–
displacement curves (and the Er and hardness values cal-
culated from these curves) to some extent.

Figure 6 shows the RMS and average roughness
values of three single-layered coatings with different filler
concentrations before and after polishing. The surface
smoothness of the coatings significantly improved upon
polishing. The RMS and average roughness values of the
polished surfaces were all less than 80 nm, and the sur-
faces appeared visually shinier.

Figure 7 shows the reduced modulus obtained from
the load–displacement measurements using different
maximum indentation load, Pmax, at various points on
the coating surface.

While there is no statistically significant variation
of Er with Pmax (which indicates that these measure-
ments can extract information related to intrinsic
material behavior reliably), a considerable scatter is

observed in individual Er values about the mean
because of the local surface heterogeneities. The distri-
bution of Er values could be fitted to a normal distribu-
tion, or a Burr distribution in some cases, as
demonstrated in Figure 8 for the data from the mea-
surements on the polished coatings PS65 and PS40
(polished single-layered coatings containing 65 and
40 wt % filler particles, respectively).

The probability density functions for these distribu-
tions are given by:

f normal xð Þ= 1

σ
ffiffiffiffiffi
2π

p exp
− x−�xð Þ2

2σ2

( )
ð11Þ

and

f Burr xð Þ= kc=αð Þ x=αð Þc−1

1+ x=αð Þc½ �k+1 ð12Þ

wherein σ, �x k, c, and α are the parameters of the respec-
tive distributions. The probability plots shown in Fig-
ures 8(c) and 8(d) are seen to show good agreement with
the experimental data.

Figure 9 shows the probability distribution plots of
the reduced modulus values for three sets of coatings:
Figure 9(a) shows the results for the unpolished single-
layered coatings; Figure 9(b) shows the results for the
corresponding polished coatings; the results for
unpolished double-layered coatings are shown in
Figure 9(c). The data for rough and polished PEEK coat-
ings are also shown in this figure for comparison.

Except for the polished (unfilled) PEEK surface,
which exhibited a narrow distribution of Er centered
around 6.3 GPa, all surfaces showed a relatively broad
distribution of surface modulus values. The average
reduced modulus of the unpolished PEEK coating was
lower (ffi 5.1 GPa). The narrower distribution and the
higher value of the average modulus of the polished
PEEK coating (compared with unpolished PEEK) point
to the increased alignment of the polymer chains at the
surface due to rubbing/polishing.30

4.5 | Effect of filler concentration on the
mechanical properties

For the single-layered coatings, the reduced modulus
[Figure 10(a)] and the hardness [Figure 10(b)] increased
with an increase in the concentration of the reinforcing
filler. This increase was observed for both unpolished
and polished surfaces. Er of polished PEEK (unfilled) rose

FIGURE 5 Load–displacement curves from room temperature

nanoindentation measurements on the single-layered coating, S65.

These represent several cycles measured using a maximum load,

Pmax (cf. Figure 2), varying from about 4 to 10 mN [Color figure can

be viewed at wileyonlinelibrary.com]
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from about 6.3 ± 0.2 to about 17 ± 3 GPa when
reinforced with WC-CoCr and hBN (65 wt% total concen-
tration), and the hardness rose from about 0.39 ± 0.02 to
about 0.69 ± 0.12 GPa.

In a tensile testing study of ball-milled PEEK−hBN
nanocomposites prepared by compression molding, Liu
et al.19 reported an increase in the modulus from about
2.25 GPa for unfilled PEEK to a maximum of about
2.75 GPa for a composite containing 4 wt% hBN. A
decrease in modulus was reported with a further
increase in hBN concentration (2.63 GPa for 5 wt%
hBN). Their hardness values were 0.285 GPa for
unfilled PEEK and 0.381 GPa for PEEK filled with 5 wt
% hBN. The significantly higher modulus and hardness
values observed in the data of Figure 10 is attributed to
the WC-CoCr, which is much stiffer and harder than
hBN. Indeed, the modulus and hardness of the double-

layered coatings that contained only hBN in the top
layer were much lower. For the coating D60 containing
60 wt% hBN in the top layer, these values were 5 ± 2
and 0.4 ± 0.1 GPa, respectively (cf. Figure 11).

Table 2 shows a comparison of the measured
reduced modulus of the polished single-layered coat-
ings with predictions using the volume fraction and
elastic modulus of the individual components in the
composite. The theoretical lower and upper bounds
estimated using the Reuss and Voigt models,31 and the
empirical equation of Ji et al.32 are shown along with
the measured values.

In the Reuss series model, the different phases are
under equal and uniform stress. In contrast, in the Voigt
parallel model, the reinforcement and matrix are
assumed to be under equal strain. These assumptions
lead to Equation (13) for the elastic modulus of the series
model

Ec =
1PN

i=1
ϕi=Ei

ð13Þ

and Equation (14) for that of the parallel model

Ec =
XN
i=1

ϕiEi ð14Þ

In these equations, Ec is the elastic modulus of
the composite, Ei is the modulus of phase i in the
composite, ϕi is the volume fraction of phase i, and
N is the total number of phases. When the state of
stress or strain is not uniform, the actual modulus is
bounded by the values obtained using Equations (13)
and (14).

FIGURE 6 (a) Root-mean-squared roughness and (b) average roughness of unpolished coatings S40, S50, and S65, and polished

coatings PS40, PS50, and PS65

FIGURE 7 Variation of reduced modulus of polished coatings

with the maximum applied indentation load, Pmax
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1PN
i=1

ϕi=Ei

≤Ec ≤
XN
i=1

ϕiEi ð15Þ

Equation (16) is an empirical model of Ji et al.,32 where
the composite property is obtained from the property value, Pi,
of component i and J is a fitted parameter for a given system.

Pc =
XN
i=1

ϕiP
J
i

" #1=J

ð16Þ

Equations (13) and (14) are special cases of Equa-
tion (16). J = −1 yields the harmonic mean or Reuss aver-
age [Equation (13)] and J = 1 corresponds to the
arithmetic mean or Voigt average [Equation (14)]. J = 0
yields the geometric mean.

In general, the parameter, J, referred to as a micro-
structural coefficient, depends on the shape and distribu-
tion of the hard and soft phases in a composite. Ji and
co-workers found that J = 0.5 gave good agreement with
the experimental data of Young's modulus for the

composites in which soft spherical particles are isolated
in a continuous hard matrix. In contrast, when hard
spherical particles are dispersed in a continuous soft
matrix, J = −0.5. If the dispersed phase particles are non-
spherical, J = 0.25 when the dispersed phase is soft, and
J = −0.25 when the dispersed phase is hard. When both
the hard and soft phases are continuous, J values in the
range of −0.5 to 0.5 are expected.32

In the composites PS40, PS50, and PS65, the volume
fraction of the PEEK soft phase is approximately 0.81,
0.73, and 0.60, respectively (Table S1). Except in the case
of PS40, a common microstructural coefficient of 0.41
resulted in a good agreement between the measured and
predicted Er for multiple coatings. Conversely, a value of
J can be found for each coating, which yields perfect
agreement between the measured average Er and the Ji
et al. model. The last column of Table 2 shows these
J values required to exactly match the measured Er. The
negative value of −0.228 observed for PS40, with a soft
continuous phase volume fraction of 0.81, is close to the
expected value of −0.25 for such systems. A microstruc-
tural coefficient of ffi 0.4 for the other two composites,

FIGURE 8 Load–displacement curves for polished single-layered coatings PS40 (a) and PS65 (b). Probability plots for the reduced

modulus values for PS40 (c) and PS65 (d) fitted to a Burr distribution and normal distribution, respectively. The lines in (c) and (d) are the

best-fit curves [Color figure can be viewed at wileyonlinelibrary.com]

10 of 18 LEBGA-NEBANE ET AL.

http://wileyonlinelibrary.com


with lower volume fractions of PEEK, indicates a transi-
tional structure in which both the hard (WC-CoCr and
hBN) and soft (PEEK) phases are continuous in the load-
ing direction.

Table 3 shows a similar comparison of the hardness
values. The measured values are seen to be between the
predicted lower and upper bounds and significantly
closer to the Reuss lower bound than the Voigt upper
bound. They show reasonable agreement with the empir-
ical model of Ji et al.32 for a fixed J value of ffi 0.49. An
exact match with the measured hardness was possible
with variable J values in the range of 0.44 ± 0.09. The
models of Paul and Ishai−Cohen are discussed in
Supporting Information. The Paul model resulted in a
good fit of the experimental Er data, but with an impracti-
cal estimate of the effective filler modulus.

4.6 | Single-layered vs. double-layered
coatings

The single-layered coatings S40 and S50 showed higher Er
and H than the double-layered coatings D40 and D50,

respectively, attributed to the fact that the single-layered coat-
ings have the stiffer and harder WC-CoCr filler particles
within the nanoindentation probe depth. The probe depth,
(that is, the maximum indentation depth) in the
nanoindentation studies of polymeric materials tends to range
from 10 nm to 10 μm for applied loads generally below
3 mN.33–35 Because of the significant hardness of the filled
PEEK coatings of the present study, the maximum indenta-
tion depth was below 2 μm in spite of the relatively high
indentation loads used (ffi 10 mN). Thus, the probe depth
was much smaller than the top layer's thickness in the
double-layered coatings (which was in the range of
250–300 μm), and the measured properties are essentially
those of the top layer, containing only hBN particles.

As seen in Figure 11(a), Er and H of the double-
layered coating D40 were lower than the corresponding
values for unfilled PEEK. Evidently, the hBN filler parti-
cles in the top layer hinder the crystallization of PEEK,
resulting in a decrease in the modulus. An increase in
the hBN concentration to 50 and 60 wt% (in coatings D50
and D60, respectively) results in a partial recovery of the
modulus and hardness values.

4.7 | PEEK–hBN interfacial interactions

The thermodynamic work of adhesion, W, at the inter-
face between two materials (the filler particles, F, and
polymer matrix, P, in the present system) is given by:

WFP = 2
ffiffiffiffiffiffiffiffiffi
γdFγ

d
P

q
+2

ffiffiffiffiffiffiffiffiffi
γpFγ

p
P

q
ð17Þ

where γd and γp denote the dispersive and polar compo-
nents of surface energy, respectively.36 Given that the
total surface energy, γ = γd + γp, Equation (17) can be
written in the form

WFP = γF + γP−
ffiffiffiffiffi
γdF

q
−

ffiffiffiffiffi
γdP

q� �2

−
ffiffiffiffiffi
γpF

q
−

ffiffiffiffiffi
γpP

q� �2

ð18Þ

from which it is seen that the work of adhesion increases
with an increase in the total surface energy values of the
filler and polymer (γF and γP, respectively), and with a
decrease in the difference between the square roots of the
individual components of surface energy [the third and
the fourth terms on the right-hand side of Equation (18)].

The total surface energy of PEEK is relatively high,
in the range of 48 ± 8 mJ m−2, and its dispersive and
polar components are 43 ± 5 and 5 ± 3 mJ m−2, res-
pectively (see Supporting Information). Rathod and
Hatzikiriakos,37 who studied various grades of hBN with

FIGURE 9 Distribution of reduced modulus values for

(a) unpolished single-layered coatings, S40, S50, and S65;

(b) polished single-layered coatings, PS40, PS50, and PS65, and

(c) unpolished double-layered coatings, D40, D50, and D60. The

distributions for unpolished (a and c) and polished (b) unfilled

PEEK coatings are also shown. The distribution of the reduced

modulus values for the polished PEEK coating in (b) is relatively

narrow and is shown truncated at the top

LEBGA-NEBANE ET AL. 11 of 18



different particle sizes, aspect ratios, and boron oxide
contents, reported that hBN has total surface energy in
the range of 45 to 65 mJ m−2. The polar component of
the hBN surface energy ranges from about 9 to about
29 mJ m−2, and the dispersive component is ffi
36 mJ m−2 (almost the same for the different grades of
hBN). Its surface energy is comparable to, or even higher
than, some of the conventional fillers used in polymer
nanocomposites.38 Furthermore, using density functional
theory calculations, Tsuji et al.39 showed that there are
acid–base interactions between the B atoms of hBN and
O atoms of ethers and alcohols, and that the interfacial
properties of hBN are fairly similar to those of graphite,
which is known to disperse quite well in polymers.40

Thus, the PEEK–hBN interface would be sufficiently
adhesive (WFP in the range of 95 ± 25 mJ m−2) to pro-
mote good bonding of hBN with PEEK. It is also clear
that the surface lubricity of hBN-based composites is not
because of low surface energy but because of the relative
ease of the sliding of the honeycomb layers of boron
nitride past each other in this two-dimensional material.
Furthermore, the decrease in the modulus observed in
Figure 11(a) upon the incorporation of 40 wt% hBN (even
though hBN has a higher modulus than PEEK) must
result from a decrease in the crystallinity of PEEK rather
than the presence of any interfacial voids arising from

weak polymer-filler interfacial interactions. The X-ray
diffractograms shown in Figure 4 indicate a decrease in
PEEK crystallinity in the composite coating. A dispropor-
tionately large reduction in the intensity of the (110)
reflection at 2θ ffi 18.7� is seen in the composite coating
(55 wt% PEEK) compared with the neat-PEEK coating
(100 wt% PEEK).

4.8 | Polished vs. unpolished coatings

Because of a high concentration of hBN in the top layer
of the double-layered coatings, these coatings could not
be polished effectively. The surface roughness increased
after polishing by the formation of pits and crevices due
to the flaking away of hBN layers from the coating sur-
face. In contrast, all of the single-layered coatings, includ-
ing S65 that contained the highest concentration of filler
particles investigated, could be polished using the proce-
dure developed in this study.

All the polished single-layered coatings exhibited higher
modulus than the corresponding unpolished coatings, which
is attributed to the removal of the polymer skin layer during
polishing. A skin layer of PEEK is expected to be formed at
the coating surface during the hot-pressing process (because
ϕPEEK > 0.50 in each coating). The thinning or removal of

FIGURE 10 (a) Reduced modulus, (b) hardness, and (c) plasticity index of unpolished and polished single-layer PEEK/WC-CoCr/hBN

composite coatings with different filler concentrations. The error bars represent the standard deviations of the distributions
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this layer by polishing results in a greater influence of the
harder filler particles at the coating surface, increasing the
average modulus and hardness.

4.9 | Plasticity index

The plasticity index, ψ , of the coatings containing differ-
ent filler concentrations was calculated using Equation (6)
and found to be in the range of about 0.1 to about 0.7. It
is a measure of the coating's propensity to undergo per-
manent deformation and release strain energy by viscous
dissipation.22,40 The variations of ψ with filler concentra-
tion are shown in Figure 10(c) for single-layered coatings
and Figure 11(b) for double-layered coatings, wherein a
general trend of increasing ψ with an increase in filler
concentration is observed in the case of filled coatings.

The plasticity index of the polished single-layered
coatings increased from 0.54 ± 0.01 for unfilled PEEK to
0.58 ± 0.03 for the PS40 coating that contained 40 wt%
filler particles and 0.67 ± 0.04 for the PS65 coating. The
increase in ψ with an increase in the filler concentration
is attributed to frictional dissipation of the work done
during indentation at the filler-polymer interface. For a
polymer composite in which the filler particles are uni-
formly dispersed (and are not aggregated), the filler-
polymer interfacial area would increase with an increase
in the concentration of the filler. Hence, ψ would
increase with an increase in the filler concentration.

However, viscous dissipation of the indentation work
within the PEEK matrix also appears to be significant in
certain composites of the present study. The plasticity
index of some of the composite coatings was found to be
lower than that of unfilled PEEK polymer [e.g., compare
ψ values for unpolished PEEK and S40 in Figure 10(c),
and of the composites in Figure 11(b)]. A fraction of the
total volume of the composite is occupied by stiff filler
particles. The polymer volume in the region indented
during the experiment is lower in a composite than that
in neat PEEK. PEEK would have a greater ability to dissi-
pate the work done during indentation toward plastic
deformation than the significantly stiffer filler particles.
Hence, ψ , which represents the fraction of indentation
work that is not recovered due to viscous dissipation, is
lower for some filled-PEEK samples.

The relative influence of these two effects—frictional
dissipation at the filler-polymer interface and viscous dis-
sipation in the form of plastic deformation of the PEEK
matrix—would determine the overall plasticity index.
Accordingly, ψ of many of the composite coatings were
lower than that of unfilled PEEK polymer.

The plasticity index of the unpolished PEEK coating
(0.54 ± 0.01) was fairly close to that of the polished

FIGURE 11 (a) Reduced modulus and hardness, and

(b) plasticity index of unpolished double-layer PEEK/WC-CoCr/

hBN composite coatings with different filler concentrations. The

error bars represent the standard deviations of the distributions

TABLE 2 Reduced modulus, Er, of polished single-layered

coatings of different compositions measured using nanoindentation

compared with the Reuss lower bound and Voigt upper bound and

prediction using the model of Ji et al.32

Measureda Reuss Voigt Ji et al.b Jc

PS40 8.1 (1.1) 7.35 23.6 10.70 −0.228

PS50 12.1 (2.2) 7.82 30.0 12.66 0.362

PS65 17.3 (3.2) 8.91 42.1 16.95 0.428

aMean value; the numbers in parentheses is standard deviation.
bFit parameter, J = 0.41.
cThe value of J that results in exact agreement with measured Er.

TABLE 3 Hardness, H, of polished single-layered coatings of

different compositions measured using nanoindentation compared

with the Reuss lower bound and Voigt upper bound and prediction

using the model of Ji et al.32

Measureda Reuss Voigt Ji et al.b Jc

PS40 0.46 (0.04) 0.34 1.12 0.51 0.352

PS50 0.54 (0.06) 0.33 1.39 0.56 0.458

PS65 0.69 (0.12) 0.30 1.90 0.66 0.514

aMean value; the numbers in parentheses is standard deviation.
bFit parameter, J = 0.49.
cThe value of J that results in exact agreement with measured hardness.
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surface (0.55 ± 0.06). However, the ψ values for the
unpolished composite coatings were somewhat lower
than those of the polished surfaces [cf. Figure 10(c)]. For
example, ψ was 0.39 ± 0.05 for unpolished S40 and
0.58 ± 0.03 polished PS40.

ψ was the lowest for the double-layered coatings that
contained PEEK–hBN composites at the surface. ψ
increased from 0.15 ± 0.08 for D40 to 0.29 ± 0.08 for D60.
These values were lower than the ψ of single-layered coat-
ings (0.39 ± 0.05 and 0.67 ± 0.05 for S40 and S65, respec-
tively). The lower values are attributed to the lower volume
fraction of PEEK in the top layer of the double-layered coat-
ings compared with the single-layered coatings. ϕPEEK is
about 0.81 and 0.60 in S40 and S65, respectively, whereas it
is 0.71 and 0.52 in D40 and D60, respectively. A lower vol-
ume fraction of the softer component (PEEK) results in
lower plastic deformation. Additionally, the weaker inter-
molecular forces of interaction between PEEK and hBN
(compared with PEEK and WC-CoCr), and between the
hBN interlayers, would result in lower energy dissipation
due to friction, and therefore, lower ψ .

ψ was found to increase with an increase in Er, indi-
cating that the elastic recovery, after indentation, was
lower for a stiffer surface, at least over the time scale of
the nanoindentation experiments. For all sets of
unpolished and polished composite coatings, ψ showed a
nearly logarithmic correlation with Er:

ψ ffi 0:29lnðEr=1:4Þ; ðr2 = 0:89Þ ð1Þ

A slightly higher value of regression coefficient could be
obtained using a model of the form ψ = ae−b=Er where
a and b are fit parameters (Figure 12). Regardless, it is
interesting that the data for various coatings, polished
and unpolished, assembled along the same curve.

4.10 | Friction coefficient

The polished unfilled-PEEK coating exhibited a
friction coefficient of 0.48. Figures 13(a), 13(b) show
that the friction coefficients of the filled-PEEK coatings
were significantly lower than that of PEEK. The fric-
tion coefficient decreased with an increase in the filler
concentration, clearly due to the increased surface con-
centration of the hBN particles, which acted as a solid
lubricant. The two-dimensional morphology of hBN
would facilitate the sliding of hBN platelets relative to
each other, lowering the frictional force at the inter-
face. Furthermore, the relatively high thermal conduc-
tivity of hBN would also help reduce the frictional
force.

Because of the low thermal conductivity of PEEK, the
frictional heat generated during the sliding motion has been
shown to raise the temperature at the interface.41–43 King
and Tabor found that the friction coefficient of thermo-
plastics such as poly(methyl methacrylate), polyethylene,
and polychlorotrifluoroethylene (Kel-F), increased with an
increase in temperature.44 A similar increase in the friction
coefficient of PEEK has been reported by Tharajak et al.18

The hBN particles in the polymer matrix (that form a perco-
lating network because of their high concentration) transfer
heat away from the contact, lowering the friction coefficient.

The double-layered coatings B40 and B50 had lower
friction coefficients (0.23 and 0.22, respectively) than the
single-layered coatings S40 and S50 (0.25 and 0.24,
respectively), which is attributed to the higher surface
concentration of hBN in B40 and B50.

The polished single-layered coatings PS40 and PS65
showed lower friction coefficients than the unpolished coat-
ings S40 and S65, respectively. The lowest friction coefficient
observed in the present study was 0.21 for the unpolished
D60 double-layered coating with the highest surface concen-
tration of hBN (among the test samples discussed here).

4.11 | Wear

Figures 13(c), 13(d), 14 show the specific wear rates, ws

[cf. Equation (7)], of the composite coatings of different
compositions. The wear rates of the composite coatings
of the present study were significantly higher than that of
the polished unfilled PEEK coating, for which,
ws ffi 1.37 × 10−5 mm3 N−1 m−1.

FIGURE 12 Plastic index vs. reduced modulus for the various

PEEK/hBN/WC-CoCr composite coatings of the present study. SL

and DL denote single- and double-layered coatings, respectively.

The dashed line is a fit of the experimental data to the empirical

equation, y = ae−b/x; a = 0.9 ± 0.2, b = 4.4 ± 1.4, and r2 = 0.91
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The wear rate increased by almost one order of magni-
tude when the filler concentration increased over a range
of 40 to 65 wt%. The formation of a transfer film of poly-
mer on the steel rider would significantly lower friction
coefficient and wear rate when the polymer is of low sur-
face energy (e.g., PTFE) and when the sliding speed is
low.45 However, at the relatively high sliding speed of

0.1 m s−1 employed in the present study, subsurface crack
propagation and the removal of large scale debris from the
surface would be the primary mechanism of wear.46

The role of filler particles in such cases would be to
hinder subsurface crack propagation. Stiffer filler parti-
cles would offer greater resistance to crack propagation
than softer fillers. Thus, the unpolished single-layered
coatings S50 and S65 that contained WC-CoCr particles
at the contact surface (in addition to hBN particles)
showed significantly lower wear rates [cf. Figure 13(c)]
than the unpolished double-layered coatings D50 and
D60 [cf. Figure 13(d)] that contained hBN particles in the
top layer of the coating. The elastic modulus of S50 and
S65 coatings were 7.6 ± 1.5 GPa and 10.5 ± 2.2 GPa,
respectively, while those of D50 and D60 were
4.4 ± 1.2 GPa and 4.9 ± 1.8 GPa, respectively. The higher
modulus of S50 and S65 imparts better resistance to sub-
surface crack propagation and, therefore, wear.

Sankarasubramanian et al.40 found that two-
dimensional filler particles, such as, clay or graphite
nanoparticles imparted higher crack initiation resistance
and crack propagation resistance to polymer composites
than spherical carbon black particles. A flat filler particle
will arrest crack growth if the direction of crack

FIGURE 13 The variation of friction coefficient (a, b) and specific wear rate (c, d) with filler concentration for single-layered coatings

(a, c) and double-layered coatings (b, d). Measurements were at room temperature using a linearly reciprocating ball-on-flat arrangement

with a 6.35 mm diameter steel ball, a normal force of 1 kgf, a sliding speed of 0.1 m s−1, and a total sliding distance of 216 m. Error bars

denote 5% uncertainty bounds. Dashed lines in (c) and (d) represent the baseline wear rate of neat PEEK (ffi 1.37 × 10−5 mm3 N−1 m−1)

FIGURE 14 Semilog plot of specific wear rate vs. filler

concentration for the various PEEK/hBN/WC-CoCr composite

coatings investigated in the present study
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propagation is normal to the particle's flat surface. How-
ever, the lower wear resistance of D50 and D60 coatings
(that have a higher concentration of two-dimensional
hBN particles) is because the flat surfaces of hBN are
aligned parallel to the surface (such alignment would be
produced during the compression molding process) and
parallel to the direction of crack propagation. The weak
intermolecular forces between the hBN layers would
allow separation of the layers and facilitate crack propa-
gation through the hBN interlayers, which would cause
an increase in the wear rate. The low friction coefficient
of the double-layered coatings of the present study is
attributed to this low shear strength.

The wear rate of the polished single-layered coating
was found to be much higher than the wear rate of the
corresponding unpolished coating of the same composi-
tion (cf. Figure 14). Pouzada et al.47 reported that a large
decrease in surface roughness because of polishing could
lead to an increase in adhesion forces between the sliding
surfaces that could increase friction (and wear). However,
data in Figure 13(a) show that the friction coefficients
decreased after polishing. The softer PEEK material is
selectively removed during the polishing process, weak-
ening the adhesive filler-polymer bonding at the surface,
and facilitating the removal of the exposed filler particles.

The specific wear rate increased sharply with an
increase in the coating's plasticity index beyond a critical
value. This critical value can be seen in Figure 15 to be
about 0.6 for the single-layered coatings and about 0.2 for
the double-layered coatings.

5 | CONCLUSIONS

A mixed filler coating consisting of both hBN and WC-
CoCr exhibited significantly improved properties

compared with PEEK−hBN composites previously
reported in the literature. Coatings with room tempera-
ture modulus as high as 17 GPa, hardness as high as
0.7 GPa, and the friction coefficient as low as 0.21 were
obtained. Ball milling the hBN, WC-CoCr, and PEEK
particles for size reduction, and more importantly, for
uniform blending of the three components, was essential
for mechanical and tribological property enhancements.

Nanoindentation measurements using a sharp
Berkovich indenter showed relatively broad distributions
of reduced modulus and hardness values, attributed to
the variation in local surface composition of the compos-
ite on the nanoscale. Measurements on unfilled PEEK
coatings also showed a distribution in Er and hardness
values, attributed to the presence of amorphous and crys-
talline domains of the semicrystalline polymer at the sur-
face. Only the polished surface of the unfilled PEEK
coating exhibited a fairly narrow distribution of Er and
hardness. Mechanical polishing evidently results in the
crystallization of the amorphous domains by the shear-
induced alignment of the polymer chains.

In the case of single-layered coatings, the average Er
and average hardness showed a clear increase with an
increase in the filler concentration in the composite. The
average Er and the average hardness could be correlated
well with the total volume fraction of hBN and WC-CoCr
in the composite. The calculated values of the microstruc-
tural parameter, J, indicated a continuity of the hard and
soft phases. Double-layered coatings that contained only
hBN in the top layer did not show an increase in average Er
or hardness with an increase in the filler concentration. In
fact, the average Er was lower for the double-layered coating
containing 40 wt% of hBN in the top layer, compared with
unfilled PEEK, which is attributed to a decrease in the crys-
tallinity of PEEK because of the hBN particles.

For all the composite coatings, the plasticity index
showed a logarithmic increase with an increase in the
coating modulus. The specific wear rate increased with
an increase in the plasticity index of the composite
coating.
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Scanning electron microscopy of as-received and processed powders of coating 
components 
 

  

FIGURE S1 SEM images of PEEK powder before ball milling. 

  

FIGURE S2 SEM images of WC-CoCr powder before ball milling. 

  

FIGURE S3 SEM images of hBN powder before ball milling. 
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FIGURE S4 SEM image of ball-milled PEEK. Ball milling resulted in a flattening of the 
as-received particles whose SEM images are shown in Fig. S1. 

  

FIGURE S5 (a) Photograph of a composite powder prepared by low-energy blending of 
PEEK (70 wt %) and hBN (30 wt %), and (b) its SEM image. The smaller particles are 
hBN, and the larger ones are flattened PEEK. 

Procedure for the preparation of the composite coatings on the steel substrate 

The coatings were prepared by hot pressing the composite powders onto 2-mm thick 4130 

alloy steel substrates using a Wabash compressor and a steel mold shown in Figs. 1(c) 

and 1(d). The steel substrates (5 cm × 5 cm) were polished using silicon carbide grinding 

discs (CarbiMet 2 S Abrasive Discs, P180 and P280 Grit) before coating them. A mold 

release agent (Mono-Coat E-7A, Chem-Trend, Howell, MI) was applied to the surface of 

the mold for easy detachment of the coated substrate after pressing. The mold 

temperature was increased from ambient to 400 °C over 30 min and held at this value for 
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1 h under a load of 4,500 kgf (applied over a mold contact area of 20 cm × 20 cm). The 

heating was stopped, and the load increased to 22,700 kgf. Cooling to room temperature 

occurred under this load. Fig. 1(e) shows a photograph of a steel substrate coated with 

the composite powder. 

Two types of coatings were studied: single-layered and double-layered structures. For 

preparing the double-layered coatings, a weighed amount of the powder of the desired 

bottom-layer composition (consisting of PEEK and WC-CoCr) was placed on the steel 

substrate placed within the mold and compacted at room temperature under a load of 4 

500 kgf, cyclically loading and unloading 3 times to achieve uniform coverage of the 

substrate. Then, the powder of the desired top-layer composition (consisting of PEEK and 

hBN) was applied uniformly on the compact bottom layer by the cyclic loading and 

unloading used to prepare the bottom layer. The assembled double-layered green compact 

was then hot pressed at 400 °C using the procedure described for the single-layered 

coatings. In Table S1, the sample names of single-layered coatings are prefixed with “S” 

and those of the double-layered coatings with “D”. The numbers in the sample names 

indicate the wt % of hBN and/or WC-CoCr. 

The effects of surface roughness on the tribological properties of the coatings were 

investigated. The coatings were polished first using a water-based polycrystalline diamond 

suspension containing particles of 0.5 μm size (Allied High Tech Products Inc, Rancho 

Dominguez, CA) and a Billiard polishing cloth, and then with an aqueous dispersion of 

alumina particles of 0.05 μm diameter and a synthetic rayon cloth (MicroCloth, Buehler, 

Lake Bluff, IL). A Buehler Eco-Met III polisher (Buehler, Lake Bluff, IL) was used.  

Polishing was accomplished in a two-step process. During the initial polishing step, the 

Billiard polishing cloth was mounted on the polisher’s platen and wetted with water. The 

diamond suspension was applied to the cloth, and the platen speed was set to the 

maximum level. The substrate to be polished was held in contact with the polishing cloth 

on the rotating platen and slowly reciprocated manually between the center and the edge 

of the cloth. The cloth was kept lubricated by applying water and diamond suspension 
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throughout the process. This step was carried out for about 20 min, followed by rinsing 

the substrate thoroughly in water. For the final polishing step, the Billiard cloth was 

replaced by MicroCloth, and the alumina slurry was used instead of the diamond slurry. 

Polishing using the alumina slurry was carried out for about ten minutes. All samples 

were thoroughly washed with water after polishing to remove any traces of slurry on the 

surface. 

 

Coating composition 

Table S1 gives the volume fractions of PEEK, hBN, and WC-CoCr in the different 

coatings used in the correlations. The volume fractions were calculated using Eq. (9) in 

the main article, using the densities of PEEK, hBN, and WC-CoCr. 

TABLE S1 Concentrations, in volume percent, of PEEK, hBN, and WC-CoCr in 
powders used to prepare the single-layered and double-layered composite coatings. 

 Volume percent 

 PEEK hBN WC-CoCr 

Single-layered coatings 

S40 80.6 16.9 2.6 

S50 73.4 23.1 3.5 

S65 59.8 34.9 5.3 

Double-layered coatings, the top layer 

D40 70.5 29.5 0.0 

D50 61.4 38.6 0.0 

D60 51.5 48.5 0.0 

Double-layered coatings, the bottom layer 

D40 94.0 0.0 6.0 

D50 91.3 0.0 8.7 

D60 87.5 0.0 12.5 
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Density of PEEK, hBN, and WC-CoCr 

The density of PEEK ranges from about 1.265 to 1.40 g cm−3 depending on the degree of 

crystallinity.1 The manufacture specified density of 1.32 g cm−3 (ISO 1183 test method) 

for VICOTETM 701 PEEK was used in volume fraction calculations. The density of hBN 

is reported to be in the range of 2.0 to 2.28 g cm−3.2 An average value of 2.1 g cm−3 was 

used to calculate volume fractions in the present study. This value is close to the 

theoretical density, ߩ, of 2.266 g cm−3 found using: ߩ୦୆୒ = ݊∑ ௜௜ୡܸܣ ୅ܰ  (S.1) 

where n is the number of atoms of boron and nitrogen per unit cell, equal to 2, ∑ ௜௜ܣ  is 

the sum of the atomic weights of the two elements (≅ 24.8 g/mol), ୅ܰ is the Avogadro’s 

number, and ୡܸ is the unit cell volume given by: 

ୡܸ = 3√32 ܽଶܿ (S.2) 

where ܽ and ܿ are the lattice parameters of the hexagonal unit cell. ܽ = 1.45 Å and ܿ = 

6.66 Å.3 

The supplier specified the WC-10Co-4Cr cermet particles used in the study to be of the 

fine carbide grain size type (with a grain size of a few micrometers). The particles’ 

composition was approximately 79.8 wt % tungsten, 5 % carbon, 10.7 % Co, and 4.5 % 

Cr. The XRD peaks corresponding to WC-CoCr present in the as-received powder and 

the composite coatings (Fig. 4 of the main article) were consistent with other reports in 

the literature.4 Several 2θ peaks characteristic of WC (HCP), at approximately 31.6°, 

35.7°, 48.4°, 64.1°, 65.9°, 73.2°, 75.7°, and 77.7° attributed to reflections from the  (0001), (101ത0), (101ത1), (21ത1ത0), (0002), (21ത1ത1), (202ത0), and (101ത2) crystallographic planes,5-6 

were observed (Fig. 4 of the main article). The peaks at 40.1°, 42.6°, and 46.6° are 

attributed to Co3W3C, and that at about 44° is attributed to the (111) reflection of FCC 

Co.7 

WC-CoCr cermet particles are generally prepared by mechanical milling of WC, Co, 

and Cr powders with a binder [e.g., poly(ethylene glycol)] in water to obtain a stable 
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slurry.4 The slurry is spray dried to obtain spherical agglomerates [cf. Fig. S2] that are 

heat-treated in a hydrogen atmosphere to consolidate and increase the agglomerates’ 

cohesive strength. The resulting particles contain ternary cubic carbide phases such as 

Co3W3C, as reported by others,8 and observed in the X-ray diffraction patterns of the 

present study. However, for the estimation of the average density of the cermet, the 

presence of only WC, Co, and Cr, with respective densities of 15.63, 8.90, and 7.19 g cm−3 

was assumed, and the average density was found to be 13.8 g cm−3 using Eq. (8) in the 

main article that is based on the reasonable assumption that the total volume of the 

composite particle is equal to the sum of the volumes of the individual components. The 

estimated density of 13.8 g cm−3 is in reasonable agreement with the density of 13.7 g cm−3 

determined by Bolleli et al.9 for a coating with a porosity of 1.1 vol %, prepared using the 

high-velocity oxy-fuel spray process. In contrast with coatings prepared by thermal-spray 

methods, the compression-molded coatings of the present study that contain a polymeric 

binder (PEEK) would be of significantly lower porosity. 

 

Scanning electron microscopy analysis of the coating surfaces 

Fig. S6 shows SEM images of the surfaces of some single- and double-layered coatings. 

Compact films with a moderate degree of surface roughness are observed. 
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FIGURE S6 SEM images of the single-layered coatings (a ) S40, (b) S50, and (c) S60, 
and the double-layered coating D40. 

Effect of ball-milling on the dispersion of filler particles in the polymer matrix. A set of 

composite powders were prepared by shaking a mixture of the dry powders of the different 

components in a capped glass vial. The hand-mixed powders were not subjected to particle 

size reduction and homogenization in a ball mill. Ball-milled powders showed more 

uniform filler distribution within the polymer matrix. 



 

9 

 
FIGURE S7 Energy-dispersive X-ray spectroscopy of a coating (60 wt % PEEK, 20 wt 
% hBN, and 20 wt % WC-CoCr) showing the distribution of hBN at the surface of a 
coating obtained from as-received composite powders. The bright spots correspond to 
regions with high atomic concentrations of boron atoms from hBN. A non-uniform 
distribution of hBN particles can be inferred. 

 
FIGURE S8 Energy-dispersive X-ray spectroscopy of a coating (60 wt % PEEK, 20 wt 
% hBN, and 20 wt % WC-CoCr) showing the uniform distribution of hBN at the surface 
of a coating prepared using a ball-milled composite powder. 
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Nanoindentation analysis 

Fig. S9 shows the load-displacement curves from room temperature nanoindentation 

measurements on a polished PEEK coating. 

 
FIGURE S9 Load-displacement curves from nanoindentation measurements on polished 
PEEK coating. 

Decreasing the surface roughness of the coatings by polishing showed an interesting effect 

on the variation of Er with contact depth, hc. For a given surface, the contact depth varied 

in our experiments not only because of the variation in the maximum applied load, Pmax, 

but also because the maximum indentation depth, hmax, generally increased with an 

increase in Pmax [cf. Eq. (4)]. As seen in Fig. S10(a), the rougher unpolished surfaces 

showed an anomalous power-law dependence of Er on hc. The order of dependence of Er 

on hc was approximately −0.75 for the coatings shown in Fig. 9(a) of the main article. In 

contrast, the polished coatings showed no correlation between Er and hc (as expected). 

 
FIGURE S10 Variation of reduced modulus of (a) unpolished and (b) polished coatings 
with contact depth in nanoindentation. 
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Because the projected contact area in nanoindentation analysis is calculated as a function 

of the indentation depth into the sample, the surface roughness, which is characterized by 

the spatial distribution and height of asperities across the surface, introduces errors in the 

calculation of the contact area and subsequently in the hardness and reduced modulus 

results.10-13 Tabor14 noted that indenting at depths greater than the surface asperities, as 

in the experiments of the present study, significantly reduced the effects of surface 

roughness on hardness. Furthermore, polishing the coating is an effective method of 

reducing the impact of surface roughness.15 Since the samples for nanoindentation tests 

had a thickness in the range of 200−500 μm and the maximum indentation depth was less 

than 2 μm, the steel substrate does not influence the reported results. 

 

Mechanics of materials models 

Correlation of the composite modulus with the modulus of the individual components 

Cubic filler models. The models of Paul,16 and Ishai and Cohen,17 assume cubic reinforcing 

filler particles and result in the Eqs. (S.3) and (S.4), respectively, for the elastic modulus 

of a binary composite of the filler and the matrix. 

ୡ[୔ୟ୳୪]ܧ  = ୫ܧ ൥ 1 + (݉ − 1)߶୤ଶ/ଷ1 + (݉− 1)൫߶୤ଶ/ଷ − ߶୤൯൩ (S.3) 

 

ୡ[୍ୱ୦ୟ୧ିେ୭୦ୣ୬]ܧ = ୫ܧ ൥1 + ߶୤݉ (݉− 1)⁄ − ߶୤ଵ ଷ⁄ ൩ (S.4) 

where m is the ratio of the elastic modulus of filler to that of the matrix, Em is the modulus 

of the matrix, and ߶୤ is the volume fraction of the reinforcing filler. 

 

Halpin−Tsai model. According to the Halpin−Tsai relations 18-19 the general composite 

property, Pc, is obtained as 

ୡܲ = ୫ܲ(1 + ୤) 1߶ߟߦ − ୤߶ߟ  (S.5) 
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where ߟ = ୤ܲ − ୫ܲ୤ܲ + ߦ ୫ܲ (S.6) 

Pf and Pm are the filler and matrix properties, and ߦ is a model parameter called the 

reinforcing efficiency. ߦ → ∞ leads to the Voigt model, and ߦ = 0 leads to the Reuss model. 

 

PEEK, hBN, and WC-CoCr properties 

Table S2 gives selected physical properties of PEEK, hBN, and WC-CoCr. 

TABLE S2 Physical properties of individual components of the composites at room 
temperature. 

 PEEK hBN WC-CoCr 

Density (g/cm3) 1.32 2.1 13.8 

Hardness (GPa) 0.39 ± 0.02 0.20 ± 0.05 30 

Modulus (GPa) 6.3 ± 0.2 20 ± 2  590 

 

The glass transition and melting temperatures of PEEK (differential scanning calorimetry 

results provided by the supplier) were 143 °C and 343 °C, respectively. The hardness and 

modulus values of PEEK are measurements on the polished PEEK coatings of the present 

study. The values reported in Table S2 were used for the composition−property analysis 

of all the coatings, regardless of the degree of crystallinity of PEEK in them. Vickers 

hardness of hBN specimens, prepared by reactive hot-pressing of hBN powder at 1900 °C 

and 50 MPa in the presence of B2O3 as a sintering additive, has been reported to be in 

the range of 0.15 to 0.25 GPa.20 Young’s modulus of two-dimensional hBN sheets, 

calculated using molecular dynamics simulations, is found to be 790 ± 50 GPa.21 However, 

the bulk modulus value of 20 ± 2 GPa, calculated by Fuchizaki et al.22 using X-ray 

diffraction data, is expected to be more representative of the hBN particles in the coatings 

of the present study. The hardness and modulus values of WC-CoCr are estimated using 

the nanoindentation data of Bonache et al.8 
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Modulus of WC-CoCr cermet. Ravichandran23 found the Young’s modulus of WC-Co 

cermets of various compositions to be in the range of 440 GPa to 672 GPa and showing 

good correlation with the properties of WC and Co phases (assumed to be the only two 

phases present) based on Paul’s model. 

Bonache et al.,8 however, observed at least three distinct microphases with widely 

different mechanical properties in their nanoindentation study of the WC-12Co cermet. 

These phases were cobalt matrix, tungsten carbide, and the ternary cubic carbide η phase 

(Co3W3C/Co6W6C). Because of the considerable variation in microphase properties, an 

estimation of an average hardness or modulus of the composite using the individual 

microphases’ properties is challenging, especially without knowing the relative volumes of 

these phases. 

Nevertheless, assuming that WC and Co are the only dominant phases in the cermet 

(in accordance with Ravichandran23) with volume fractions of 0.8 and 0.2, respectively, 

and that the modulus of the WC and Co phases are ܧ୛େ = 717 GPa and ܧେ୭ = 240 GPa, 

respectively,23 Paul’s model predicted Young’s modulus of the composite to be about 580 

GPa. This estimate did not include the contribution of Cr, whose concentration in the 

cermet was small relative to WC or Co. The model of Ji et al.24 predicted a modulus value 

of about 590 GPa, which is fairly close to the one obtained using Paul’s model. The 

hardness of the composite was similarly estimated to be about 30 GPa, using the hardness 

of the WC and Co phases to be ܪ୛େ = 40 GPa and ܪେ୭ = 8 GPa, respectively. 

 

Modulus of PEEK/hBN/WC-CoCr Composites 

Using the reduced modulus of PEEK determined using nanoindentation (≅ 6.3 GPa) as 

Em and the total volume fraction of the filler particles, ߶୤, equal to the sum of the volume 

fractions of hBN and WC-CoCr coatings in the coatings (߶୤,ଵ + ߶୤,ଶ = 1 − ߶୮), the ratio 

m of the effective modulus of the binary mixture of the filler particles to the modulus of 

the PEEK matrix can be determined by fitting the experimentally determined Er values 

of the composite coatings to the two different models. 
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For Paul’s model, m was found using non-linear least-squares data fitting to be 2.0 ± 

0.4. The predicted values of the PEEK/hBN/WC-CoCr composite modulus, using this m, 

are shown in the last column of Table S3. 

TABLE S3 Reduced modulus of polished single-layered coatings of different compositions 
measured using nanoindentation and comparison with the prediction of Paul’s model. 

 
߶୮ 

(PEEK) 
߶୤,ଵ 

(hBN) 
߶୤,ଶ 

(WC-CoCr) 
Measured ܧ୰ 

(GPa) 

Paul model 
prediction 
(GPa)a 

PS40 0.806 0.169 0.026 8.11 ± 1.09 10.52 

PS50 0.734 0.231 0.035 12.1 ± 2.23 12.26 

PS65 0.598 0.349 0.053 17.3 ± 3.19 16.53 
a Fit parameter, m = 2.0 

Because ݉ is the ratio of the effective elastic modulus of the combined filler particles 

(hBN and WC-CoCr) to the elastic modulus of PEEK, m = 2.0 ± 0.4 implies that the 

effective modulus of the mixed-filler is (13 ± 3) GPa, which is significantly lower than 

expected based on the individual elastic modulus values of the two fillers. As discussed in 

the main article, the elastic modulus of hBN, Ef,1, is ≅ 20 GPa, and that of WC-CoCr, 

Ef,2, is ≅ 590 GPa. Using the relative volumes of the two fillers in the mixture (86.8 vol % 

hBN and 13.2 vol % of WC-CoCr), the lower and upper bounds of this filler mixture’s 

modulus are expected to be about 22.9 GPa and 95.3 GPa, respectively. The Ishai−Cohen 

model, similarly, did not result in a practical value of ݉. In contrast with the Paul model 

that gave a far too low value of ݉, the Ishai-Cohen model predicted a value that was far 

too high (∼108). Thus, neither of these models is appropriate for the fitting of the modulus 

values of the present system. 

 

Surface energy of PEEK 

The surface energy of PEEK was calculated using the contact angles of probe liquids such 

as water, formamide, and diiodomethane on PEEK, reported previously,25-26 and using 
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the Owens−Wendt−Kaelble (OWK) method as described by Krishnan and coworkers.27 

The dispersion and polar components of the surface energy of the polymer were obtained 

by solving ߛ୐,୧(1 + cos ௜)2ߠ = ටߛ୐,୧ୢ ටߛୗୢ + ටߛ୐,୧୮ ටߛୗ୮ (S.7) 

using the contact angle, ߠ௜ of the probe liquid, i, on the polymer surface, the total surface 

energy, ߛ୐,୧, of the probe liquid, and its dispersion component, ߛ୐,୧ୢ , and the polar 

component, ߛ୐,୧୮ , of surface energy. In matrix form, this equation can be written as:27 ܡ =  ઺ (S.8)܆

where 

ܡ = ൦ߛL,1(1 + cos1ߠ) L,2(1ߛ⁄2 + cos2ߠ) L,3(1ߛ⁄2 + cos3ߠ) 2⁄ ൪, ܆ =
ێێۏ
ێێێ
L,1dߛටۍ ටߛL,1p
ටߛL,2d ටߛL,2p
ටߛL,3d ටߛL,3p ۑۑے

ۑۑۑ
ې
, and ઺ = ێێۏ

ۑۑےSpߛSdටߛටۍ
ې
. The solution of Eq. (S.8) is: 

઺ =  (S.9) ܡࢀ܆૚ି(܆ࢀ܆)

Table S4 gives the contact angle data from the literature, and Table S5 gives the surface 

energy components of the probe liquids. The contact angles for a given liquid varied 

significantly between the reported studies. 

TABLE S4 Contact angle of the probe liquids on PEEK; ߠୟ is the advancing contact 
angle and ߠ୰ is the receding contact angle. 

 Rymuszka et al.26 Terpiłowski et al.25 Wilson et al.28 

Liquid ߠୟ ߠ୰ ߠୟ ߠ୰  

Water 83° 69° 73° 61° 85° 

Formamide 67° 58° 40° 33° - 

Diiodomethane 33° 23° 19° 13° 32° 
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The surface energy of PEEK was calculated using the two sets of surface energy 

parameters available in the literature for the probe liquids (Table S5), using the advancing 

contact angle, ߠୟ, the receding contact angle, ߠ୰, and the average contact angle, ̅ߠ, defined 

as: 

ߠ̅ = cosିଵ ൬cosߠୟ + cosߠ୰2 ൰ (S.10) 

and these values are shown in Tables S6 and S7 for the contact angles reported by 

Rymuszka et al.26 and Terpiłowski et al.,25 respectively. The numbers in the parentheses 

are the statistical uncertainties in the reported values, estimated using our previously 

reported procedure.27 

TABLE S5 Surface energy parameters (in mJ m−2) of the probe liquids at room 
temperature. 

 Fowkes et al.29 Smith and Pitrola30 

 
Water Formamid

e 
Diiodomethan
e 

Water Formamid
e 

Diiodomethan
e ߛୗୢ  ୱ 72.4 57.3 50.8 72.8 58.2 50.8ߛ ୗ୮ 52.3 29.3 0 51.0 18.7 2.3ߛ 48.5 39.5 21.8 50.8 28.0 21.1 

 

TABLE S6 Surface energy parameters (in mJ m−2) of PEEK determined using the 
contact angle data of Rymuszka et al.26 and surface energy parameters of Fowkes et al.29 
and Smith and Pitrola.30 

 Fowkes et al. Smith and Pitrola 

 With ߠୟ With ߠ୰ With ̅ߠ With ߠୟ With ߠ୰ With ̅ߛ ߠୗୢ  ୱ 44 (5) 50 (11) 46 (8) 38 (11) 43 (18) 40 (14)ߛ ୗ୮ 2 (1) 5 (3) 3 (2) 2 (2) 7 (6) 4 (4)ߛ (10) 36 (12) 36 (9) 36 (6) 43 (8) 45 (4) 42 
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TABLE S7 Surface energy parameters (in mJ m−2) of PEEK determined using the 
contact angle data of Terpiłowski et al.25 and surface energy parameters of Fowkes et al.29 
and Smith and Pitrola.30 

 Fowkes et al. Smith and Pitrola 

 With ߠୟ With ߠ୰ With ̅ߠ With ߠୟ With ߠ୰ With ̅ߛ ߠୗୢ  ୱ 54 (5) 58 (2) 56 (2) 48.8 (0.2) 52 (5) 50 (2)ߛ ୗ୮ 5 (1) 8.7 (0.5) 6.7 (0.6) 5.2 (0.1) 11 (2) 7.8 (0.7)ߛ (1) 42 (3) 41 (0.1) 43.6 (1) 49 (1) 49 (4) 49 

 

Comparing the surface energy values based on the parameters of Fowkes et al. and Smith 

and Pitrola in Table S6, it is seen that the parameters of Fowkes et al. resulted in a better 

fit of the OWK model to the experimental data (note the smaller uncertainties in the 

estimated surface energy values). For the calculations using the average contact angle, ̅ߛ ,ߠ୔୉୉୏ୢ = 43 ± 6 mJ m−2 and ߛ୔୉୉୏୮ = 3 ± 2 mJ m−2 for the Fowkes et al. parameters and ߛ୔୉୉୏ୢ = 36 ± 10 mJ m−2 and ߛ୔୉୉୏୮ = 4 ± 4 mJ m−2 for the Smith and Pitrola parameters. 

The contact angle data of Terpiłowski et al. (Table S7) resulted in much better fits to 

the OWK model (uncertainties were significantly lower), but the calculated surface energy 

values were higher: ߛ୔୉୉୏ୢ = 49 ± 1 mJ m−2 and ߛ୔୉୉୏୮ = 6.7 ± 0.6 mJ m−2 for the Fowkes 

et al. parameters and ߛ୔୉୉୏ୢ = 42 ± 1 mJ m−2 and ߛ୔୉୉୏୮ = 7.8 ± 0.7 mJ m−2 for the Smith 

and Pitrola parameters. 

Furthermore, these values compare favorably with the surface energy values reported 

by Wilson et al.28 (ߛ୔୉୉୏ୢ = 43.4 mJ m−2 and ߛ୔୉୉୏୮ = 1.4 mJ m−2) and Bhatnagar et al.31 

୔୉୉୏ୢߛ) = 46.8 mJ m−2 and ߛ୔୉୉୏୮ = 4.3 mJ m−2), although their measurements were for a 

polyaryletheretherketone whose chemical structure is different from that of simple PEEK 

[poly(oxy-1,4-phenyleneoxy-1,4-phenylenecarbonyl-1,4-phenylene)]. In all cases, the polar 

component of PEEK surface energy is seen to be significantly lower than the dispersion 

component. 
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Based on the above analysis, the total surface energy of PEEK is expected to be in the 

range of 48 ± 8 mJ m−2 with a dispersion component of 43 ± 5 mJ m−2 and a polar 

component of 5 ± 3 mJ m−2. 
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