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Alistair Mcilhagger’

"School of Engineering, Ulster University, Newtownabbey, United Kingdom, 2Denroy Plastics, Bangor, United Kingdom

In this work, antistatic, high-performance composites of poly (ether ether ketone) (PEEK)
and concentrations of 0.5-7 vol% expanded graphite (EG) were fabricated via twin-screw
extrusion and injection moulding at mould temperatures of 200°C. The morphological,
electrical, rheological, thermal, mechanical, and wear properties of the composites were
investigated. Scanning electron microscope (SEM) images indicate that distribution and
dispersion of EG platelets in the PEEK matrix are enhanced at higher EG loadings. The
electrical conductivity of the composites with 5 vol% of EG exhibits a sharp rise in the
electrical conductivity range of antistatic materials because of the formation of conductive
paths. The formation of a three-dimensional EG network led to a rapid increase in the
storage modulus of the melt of the 2 vol% of EG-loaded composite at a frequency of
0.1 rad/s and temperature of 370°C. The neat PEEK and composites containing 0.5-5 vol
% EG indicated a cold-crystallisation peak in the first heating scan of a non-isothermal
differential scan calorimetry (DSC) test and their crystallinity degrees changed slightly.
However, after removing their thermal and stress histories, the EG platelets promoted
nucleation and increased the PEEK crystallinity remarkably, indicating that annealing of the
PEEK composites can improve their mechanical performance. The neat PEEK exhibits the
standard tensile and flexural stress-strain behaviour of thermoplastics, and the composites
exhibit elastic behaviour initially followed by a weak plastic deformation before fracture. The
addition of 5 vol% of EG to PEEK increased the tensile and flexural modulus from 3.84 and
3.55 GPa to 4.15 and 4.40 GPa, decreased the strength from 96.73 and 156.41 MPa to
62 and 118.19 MPa, and the elongation at break from 27.09 and 12.9% to 4 and 4.6%,
respectively. The wear resistance of the composite containing 3 vol% EG was enhanced by
37% compared with the neat PEEK.

Keywords: high-temperature composite, cost-effective, expanded graphite, antistatic, wear resistance, cold-
crystallization

INTRODUCTION

Poly (ether ether ketone) (PEEK) has a variety of promising properties such as high chemical
resistance, outstanding mechanical properties, and good thermal and dimensional stabilities due to
its aromatic and semicrystalline backbone. These properties and the easier processing of PEEK as
compared with metals, biocompatibility, and transparency to radiation have increased interest in
its usage in industries such as biomedical, aerospace, and automotive. Also, the improvement of the
electrical conductivity and wear resistance of PEEK has extended its applications noticeably (Pei
et al.,, 2019; Puértolas et al, 2019; Zhang et al., 2019; Schroeder et al., 2020). For example,
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electrically conductive PEEK materials have been utilised to
manufacture reflectors for parabolic space antenna in satellites,
cryogenic storage tanks in space launchers, electro-thermal de-
icing materials in icebreaker vessels, antistatic catheters,
disposable surgical instruments, and sterilisation trays
(Flanagan et al., 2017; Kalra et al., 2019; Rival et al., 2019;
Pan et al., 2020). Also, metals have been extensively replaced by
high wear resistance PEEK materials in mechanical and
biomaterial parts such as bearings, pumps, pistons, dental
implants, trauma, knee, and spine (Kalin et al., 2015; Kurtz
et al.,, 2019). Therefore, the simultaneous improvement of the
wear resistance and electrical conductivity of PEEK by the
incorporation of a cost-effective filler using melt mixing is
very desirable for industrial applications.

Nano-fillers such as carbon nanotubes (CNTs) and nano-clay
have been effective in the enhancement of polymer properties
due to their high aspect ratio. However, CNTs are still quite
expensive, and cost-effective nano-clays are not electrically
conductive (Sarathi et al., 2007; Arjmand et al, 2012).
Graphite on the other hand combines the lower price and the
layered structure of clays with the superior thermal and
electrical properties of CNTs (Kim et al., 2007). However, the
aspect ratio of graphite is not as high as nano-clay, and graphite
intercalation compounds (GICs) have been developed to
exfoliate graphite and increase its aspect ratio (Noel and
Santhanam 1998). Expanded graphite (EG) is the most
beneficial exfoliated graphite which is obtained by a sudden
evaporation of an intercalate in an expansion process. After the
expansion, EG forms a porous network structure with a high
surface area with graphite nanosheets with thicknesses less than
100 nm (Li and Chen, 2007; Zhao et al., 2007; Dhakate et al.,
2008; Dong et al., 2019). In addition, -OH, -COOH functional
groups resulting from the expansion on the surfaces of EG
galleries can enhance the adsorption of polymer molecules to EG
(Cao et al., 1996; Goyal et al., 2010).

The low concentration of quasi-free m-electrons in graphite
(about 5 x 107> electrons per atom) is a cause of weak metallic
bond forces between graphene layers at the same order of the van
der Waals bonds (RozpAlocha et al., 2007). The weak metallic
interlayer bond of graphite leads to a self-lubricating behaviour
and high electrical conductivity in the c-axis direction that can
improve simultaneously the wear resistance and the electrical
conductivity of polymers (Fukushima et al., 2010).

Zheng et al. reported that through-thickness and in-plane
volume electrical conductivities of poly (styrene-co-acrylonitrile)
increased to 83.3 and 117.6S cm™" with the incorporation of
15 wt% of EG, respectively, using in situ polymerisation and hot
compression (Zheng et al., 2004). Kim et al. and Chen e al.
showed that the electrical conductivity of PS/EG composites
increased sharply at about 10 and 3 wt% loading of EG to 1.3
x 10" and 10™'S ecm™" via in situ polymerisation, respectively
(Chen etal., 2001; Kim et al., 2007). Zheng et al. indicated that the
loading of 1wt% of EG to poly (methyl methacrylate) using
stirring and ultrasonication increased its electrical conductivity to
107*S cm™ (Zheng et al,, 2004). Song et al. reported that the
electrical conductivity of an aromatic polysulphide increased to
24.3 S cm™" by the incorporation of 10 wt% EG with an expansion
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ratio of 200 via stirring (Song et al., 2006). Weng et al. and Du
et al. showed that the induction of 0.75 wt% foliated graphite
(prepared by the fragmentation of EG using ultrasonic
irradiation) and 5wt% EG to nylon 6 and poly (4,4’-oxybis
(benzene)disulfide) by in situ polymerisation increased their
electrical conductivities to about 2 x 107® and 107°S cm™,
respectively (Du et al., 2004; Weng et al., 2004). One study
has been identified for electrically conductive PEEK/EG
nanocomposites, and this used solution processing to
manufacture the composite. This achieved a promising
electrical percolation threshold of about 10™'S cm™ at 1.5 wt
% EG loading and conductivities of 3.24 S cm ™' and 12.3S cm™"
for 5 and 10 wt% EG-loaded composites, respectively (Goyal
et al,, 2013).

Jia et al. reported that the wear resistance of polyimide
increased 200 times by the incorporation of 15wt% EG via
hot compression moulding (Jia et al, 2015). Aderikha et al.
manufactured PTFE/EG composites via sintering and showed
that the filling of PTFE with EG allowed a reduction in its wear
rate up to a factor of =700 to 6 x 10~ mm® Nm ™" depending on
the friction conditions (Aderikha et al., 2017). Also, Yang et al.
reported that the wear resistance of PTFE/nano-EG composite
containing 15wt% EG manufactured via electrical sintering
increased 31.6 times (Yang et al., 2010).

As discussed above, EG is a cost-effective carbon filler with
outstanding electrical and antifriction properties which has been
incorporated into various thermoplastics and shown to improve
their electrical conductivity and wear resistance. Hence, the
coordinated enhancement of the electrical conductivity and
wear resistance of PEEK by including cost-effective EG with
outstanding electrical and antifriction properties using melt
mixing can be very beneficial. However, to the best of our
knowledge, EG has not been combined with PEEK to enhance
its mechanical and wear properties via melt processing. Thus, the
purpose of this study is to fill that gap by reporting on the ability
of EG to improve the mechanical and wear performance of melt-
processed PEEK.

In this study, PEEK/EG composites were manufactured via
twin-screw extrusion, and specimens were injection-moulded at a
mould temperature of 200°C for subsequent characterisation. The
EG dispersion state was examined via SEM and melt rheology.
Crystallinity and melting behaviour, tensile and flexural
properties, and wear resistance of the samples were
characterised via DSC, a tensile testing, and microscale
abrasion testing, respectively.

EXPERIMENTAL

Materials

The polymer (PEEK 2000P) was purchased from Evonik (Marl,
Germany) in fine powder form with a melt volume flow rate
(380°C/5 kg) of 70 cm’/10 min and a density of 1.3 gcm™. The
expanded graphite (GFG200) used in this work was kindly
provided by SGL Carbon (Wiesbaden, Germany) in platelet
form. It has a mean diameter of 200 um and a density of

2.28¢g cm™.,
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Preparation of Composites
PEEK and EG powders were put in an oven at 170°C for 12h

before use to remove absorbed moisture. After drying, the
polymer and 0.5, 1, 2, 3, 5, and 7% volume fractions of EG
powders were physically mixed. The melt compounding of the
mixtures was accomplished in a co-rotating twin-screw extruder
(Rheomex PTW16/40 OS) with a diameter of 16 mm and L/D =
40 operating at a barrel to die temperature range from 365 to
385°C and screw speed of 45 rpm. As explained in previous work,
reverse and kneading mixing elements were utilised in an in-
house screw configuration to improve the distribution and
dispersion of the EG platelets in the PEEK (Mokhtari et al., 2021).

For testing and characterisation, dumbbells were moulded via an
injection moulder (SmartPower 35/130 UNILOG B8). Before
injection, the pellets were placed in the oven at 100°C for 12 h.
The mould temperature, cooling time, heating zone temperatures,
and injection and holding pressures of the injection moulder were
200°C, 60's, 320/380/385/390°C, 2000, and 1,200 bar, respectively.

Material Characterisation
Scanning Electron Microscope
The surface morphology of cryogenic-fractured samples was
analysed using a Hitachi SU5000 SEM. The sample surfaces were
coated with a 5-10 nm Au/Pd layer to minimise the charging effect.

Differential Scan Calorimetry

Non-isothermal DSC experiments were carried out in a TA Q100
differential scanning calorimeter. Samples of 8 mg which were cut
from the injection-moulded dumbbells were sealed in standard
aluminium hermetic pans to investigate the effects of the EG
content and cooling process on the crystallisation behaviour of
the PEEK. The samples were heated to 390°C, held isothermally
for 15 min, cooled to 40°C, and reheated to 390°C. All the steps
were at a constant rate of 10°C/min. Crystallisation temperature
(T.) was determined as the maximum of the cooling scan peak.
The temperature and enthalpy of cold crystallisation (T, and
AH_.) were obtained from the maximum and area under the
exothermic peak around the glass transition region of the first
heating cycle. Also, the melting enthalpies and temperatures of
the PEEK crystals were obtained from the minimum and area
under the endothermic peaks of the first and second heating
scans, respectively. The crystallinity degrees of the first and
second heating scans were calculated by Eq. 1 and Eq. 2,
respectively. Here, AH,s; and AH,gy are the melting
enthalpies of the composites in the first and second heating
scans, respectively, AH; is the melting enthalpy of the ideal
PEEK crystal (130]/g), and w, is the weight fraction of the
polymer (Blundell and Osborn 1983).

Xcﬂz = AHmﬂz - AHCC/(AHf > Wp)’ (1)
Xcsh = AHmSh/(AHf x Wp)' (2)
Rheology

Linear viscoelastic properties of the composite melts were analysed
using an AR2000 rotational rheometer with 25-mm steel parallel
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plates at a gap setting of 1 mm and 370°C. Frequency of the
oscillation test was changed between 0.06 and 600 rad s and a
strain amplitude of 6.25 x 10~ within the linear viscoelastic region
was chosen for it.

Electrical Conductivity Measurements

DC volume conductivity measurements were performed at 18°C
and a humidity of 75% using an electrometer/high resistance
meter (Keithley 6517B) and an interactive digital source
meter (Keithley 2450) for low and moderately conductive
composites, respectively. Samples of 18 x 18 x 1.5mm’ were
placed between two electrodes, and a potential difference was
applied between them. Both surfaces of the samples were coated
with a conductive silver paste to reduce the contact resistance
between the samples and electrodes. From resistance (R) which
was obtained directly from the measurements and geometry of
the samples, the volume resistivity (p) was calculated using
Equation (3):

p=RA, 3)

where t and A are the thickness and the cross-sectional area of the
sample. The electrical conductivity is the reciprocal of the volume
resistivity.

Tensile and Bending Tests

Tensile and bending tests were performed at 18°C and
humidity of 75% on an electromechanical Instron 5500R
universal Testing System (UTS) at a constant crosshead
speed of 2mm min~'. Dumbbells with overall length,
overall width, gauge length, and thickness of 170, 10, 8, and
4 mm, respectively, and rectangular samples with length,
width, and thickness of 8, 10, and 4 mm, respectively, were
employed for the tensile and bending tests. An extensometer
was utilised during the tensile test to measure the
displacements of each specimen accurately. The presented
data were obtained from the average of 5 measurements.

Micro-Abrasion Test

A TE-66 microscale abrasion tester (Phoenix Tribology Ltd.,
United Kingdom) was utilised to perform microscale abrasion
tests on 4N normal load against a stainless-steel ball with
254mm  diameter rotating for 22,500 revolutions,
corresponding to a sliding distance of 17954m (ASTM
52100). After the tests, the samples were removed from the
equipment, and the diameter of the resulting abrasion scars
was estimated via optical microscopy. By assuming that the
geometry of the crater is like the spherical geometry of the
ball, the volume of a spherical wear scar can be calculated by
Equation (4):

nb*

V~—

~ SR b< R, (4)

where b and R are the crater diameter and the ball radius,
respectively. The volumetric wear rate is the ratio of the
volume wear to the sliding distance (Stack and Mathew 2003;
Souza et al., 2016).
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FIGURE 1 | SEM images of the neat PEEK and the composites
containing 0.5, 2 and 5 vol% EG.

RESULTS AND DISCUSSION
Morphology Analysis

SEM analysis was performed to examine the morphology of the
EG platelets of the injected PEEK/EG composites. Figure 1 shows
the SEM images of the neat PEEK and the composites containing
0.5, 2, and 5 vol% of EG. SEM images show that at lower EG
loadings, EG platelets agglomerated and did not distribute well in
the PEEK matrix, while with an increase in the EG loading, they
were almost uniformly distributed and formed a continuous
three-dimensional network. This can be ascribed to the higher
shear stress in the processing of the high EG content composites
that led to the penetration of the PEEK melt into the pores of the
EG honeycomb-like structure and the creation of good
mechanical interlockings between the EG galleries and the
matrix (Zheng et al, 2004; Li and Chen, 2007). Also, the
penetration of the melt into the EG pores caused an increase
in the distance between the EG galleries preventing collapse and
maintaining their network structure which are strongly effective
in the formation of an electrically conductive three-dimensional
network (Goyal 2013).

Rheology Analysis

A frequency sweep test in the range of 0.01-100 HZ was carried
out to study the linear viscoelastic properties of the composite
melts which was utilised to investigate the state of the EG platelet
dispersion and structural change in the composites. Figures 2A,B

Multifunctional PEEK/EG Composites

show the variation of the storage modulus of the composites as a
function of angular frequency and the EG volume fraction at a
fixed frequency of 0.1 rad s, respectively. There are no particle
contacts and sufficient space for the EG platelets to slip over each
other, and their self-lubricant effect led to slipping and
orientation of the polymer chains in the composites
containing 0.5 and 1 vol% EG that caused to an unexpected
decrease in their storage modulus compared with the neat PEEK
at low and intermediate frequencies (Kim and Macosko 2009).
However, the storage modulus of the 2 vol% of EG-loaded
composite increased sharply and indicated a reduction in the
dependence on angular frequency compared with the neat PEEK.
This behaviour indicates the attainment of the rheological
percolation threshold (¢,,,) where a transition from liquid-like
to pseudo-solid-like behaviour occurs due to a confinement of
polymer chain motions. The hindrance of the polymer chain
motions is caused by direct elastic filler-filler interactions, the
immobilisation of the polymer segments near the particles at the
interphase regions, and the formation of the PEEK-EG network
(Liebscher et al., 2020).

To gain a more detailed insight into the rheological
percolation threshold, the relationship between storage
modulus and filler volume fraction (¢) (¢ > gope,) can be
expressed with a power law relationship (Bangarusampath
et al., 2009; Zhang et al., 2012):

Ga(p-g,) (5)

where t is the critical exponent. As shown in the inset in
Figure 2B, the composite modulus agreed well with the power
law for the fixed frequency of 0.1rad s ', and the onset of
percolation was determined as 0.02 volume fraction.

Figure 3A shows the variation of the complex viscosity as a
function of angular frequency. At low and intermediate
frequencies, fully relaxed neat PEEK chains and the
composites containing 0.5 and 1 vol% EG exhibited a typical
Newtonian viscosity plateau. With the addition of 2 vol% EG, the
low frequency complex viscosity increases noticeably due to the
restriction of the long-chain PEEK relaxations in the composites
by the EG platelets. Hence, the Newtonian plateau vanishes
progressively, and a significant shear-thinning behaviour is
observed (Wagener and Reisinger 2003).

Also, a pseudo-solid-like network of an anisometric filler in a
polymer matrix indicates an apparent yield stress which is
obvious by plotting complex viscosity versus the complex
modulus. In Figure 3B, an apparent yield stress in composites
containing EG of more than 2 vol% observed that the complex
viscosity increased rapidly as the complex modulus decreased
(Cassagnau 2008; Abbasi et al., 2009).

Crystallisation Behaviour

The dynamic crystallisation behaviour of semicrystalline
thermoplastic composites is of great interest since most
processing methods happen under these conditions, and the
crystal perfection and crystallinity degree of these materials
depend on thermal history imparted during processing (Wu
et al.,, 2007; Zhao et al., 2011). Figure 4 and Table 1 show the
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Temperature (°C)

results of non-isothermal DSC tests that were carried out at
10°C/min to evaluate the influence of the EG content and
processing conditions on the crystallisation and melting
behaviour of the PEEK matrix.

Post or cold crystallisation is due to a physical aging process
which typically happens in semicrystalline thermoplastics around
the glass transition region due to a thermodynamically unstable
state caused by cooling conditions during processing. In cold
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TABLE 1 | Non-isothermal crystallisation parameters of PEEK/EG composites obtained from the DSC measurements.

EG Tmfh AHmfh ch AHcc
content (°C) Vg (C) Wwg™
(vol%)

0 347 37.2 154.3 2.78
0.5 346.4 35.9 156.5 2.72
1 346.9 41.7 169.9 6.43
2 346.2 33.8 169.3 2.26
3 345.8 34.3 157.2 1.4
5 345.9 31.6 151.5 0.7
7 344.7 36 ---- 0

chh Tmsh AH, msh X csh T

c
(%) (c) Wo™ (%) (c)
26.5 341.9 46.3 40 291.8
258 342.8 482 38.7 298.1
276 3437 57.7 4512 303.2
255 3437 53.6 434 303.6
26.6 343.8 50.8 40.9 303.6
26.9 343.6 525 441 303.2
32.1 3445 44.18 385 303.4

Trnme AHmm, Teer AHee, Xem: melt temperature, melting enthalpy, cold-crystallisation enthalpy, cold-crystallisation temperature, and crystallisation degree obtained from the first heating
scan; Tmsn, AHmsh, Xosh: Melt temperature, melting enthalpy, and crystallisation degree obtained from the second heating scan.

TABLE 2| Tensile properties of the composites: Er = Young's modulus, a7 = tensile
strength, and er= elongation at break.

EG (vol%) Er (GPa) or (MPa) er (%)

0 3.84 + 0.11 96.73 + 1.96 27.09 + 2.88
0.5 4.09 + 0.12 87.70 £ 1.21 10.37 + 1.6
1 414 £ 0.27 83.17 + 2.64 7.36+1.7
2 4.16 + 0.21 7821 +1.21 588+ 0.7
3 4.00 + 0.08 70.29 + 0.63 5.03 £ 0.44
5 4.15 + 0.05 62.01 + 3.21 4.00 + 0.23
7 4.57 + 0.10 56.49 + 0.43 2.72 £ 0.08

crystallisation, changes in the physical structure of chains occur at
either transition zones between the existing crystals and the
amorphous regions or the imperfect existing -crystalline
structures which lead to an increase in the crystallinity degree
and lamella thickness as well as to the perfection of the existing
crystal structure (Wang et al., 2003; Antoniadis et al., 2009). The
appearance of the cold-crystallisation peak in the first heating
scan and a noticeable difference between the values of the melting
enthalpies and crystallisation degrees of the samples in the first
and second heating scans (except sample containing 7 vol% EG)
verified that the cooling process in the mould of the injection
moulder did not provide enough time for the PEEK chains to
form a thermodynamically stable crystalline structure. The neat
PEEK and the composites containing 0.5 vol% EG showed a
broad cold-crystallisation peak which overlapped with the glass
transition region. However, with an increase in the EG content to
1 and 2 vol%, the peak was sharper and happened at a higher
temperature. EG platelets can affect crystallisation behaviour of
the PEEK matrix through a nucleation effect and by altering the
mobility of the PEEK chain segments via a confinement effect
(Zhang et al., 2008; Rong et al., 2010). At the loadings of 1 and 2
vol% EG, the nucleation effect was dominant with EG platelets
providing heterogeneous nucleation sites with lower energy for
the PEEK chains to crystalise faster compared to the neat PEEK
and the 0.5 vol% EG-loaded composites. However, the PEEK
chains were not able to crystalise perfectly and became
thermodynamically unstable due to the fast cooling in the
mould. After a reheating to around T, in the first heating scan
of the DSC test, the frozen imperfect crystals could rearrange to a
thermodynamically stable state, release heat, and equilibrating to

a lower free energy. Hence, visible and sharp cold-crystallisation
peaks appeared.

At the higher EG loadings, the PEEK chains could not
crystalise as much as the chains of the samples with lower EG
loadings (samples 1 and 2%) due to the dominance of the chain
mobility confinement effect. Hence, during the reheating to
around Tg in the first heating scan of the DSC test, fewer
frozen imperfect crystals were available for rearrangement
compared to the samples with lower EG loadings. Therefore,
the cold-crystallisation degree decreased, and its peak moved to
lower temperatures and disappeared in the sample containing 7
vol% EG.

Based on the first heating scan results, the crystallinity degree
of the composite containing 7 vol% EG increased remarkably
compared with the neat PEEK while the crystallinity degree of
other composites changed slightly. The 7 vol% of EG-loaded
composite did not show the cold-crystallisation peak in the first
heating scan which means the cooling rate in the mould was slow
enough for the PEEK chains to form thermodynamically stable
crystals that did not rearrange in the first heating cycle. Also, the
crystallinity degrees and melt temperatures of this composite in
the first and second heating scans were similar. The estimated
crystallinity degree from the second heating scan was related to
the crystals that were formed in the cooling scan after removing
the thermal and stress histories of the PEEK chains in an
isothermal step at 390°C. By comparison of the crystallinity
degrees of all samples in the first and heating scans, the PEEK
chains crystalised more perfectly to a thermodynamically stable
state in the cooling scan of the DSC test compared with the
cooling process in the mould since they did not have a cold-
crystallisation peak in the second heating cycle. Hence, it can be
concluded that the formed crystalline structure of the injection
moulded 7 vol% of EG composite was perfect enough, and its
crystallinity degree increased compared with the neat PEEK due
to heterogeneous crystallisation.

The significantly higher crystallinity degree of the samples in
the second heating scan than the first one indicates that annealing
can have a strong effect on the reduction of defects in the crystals
of processed PEEK and can lead to an enhancement of their
mechanical performance.

Based on a comparison between the melt temperatures of the
samples (apart from the sample 7%) in the first and second
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FIGURE 5 | (A) stress-strain curves from uniaxial tensile tests and (B) stress-displacement curves from 3-point bending tests of the neat PEEK and the PEEK/EG
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TABLE 3| Flexural properties of the composites: £, = flexural modulus, o5, = flexural
strength, and ¢, = fracture strain.

EG (vol%) E, (GPa) op (MPa) b (%)

0 3.55 + 0.10 166.41 + 3.05 12.90 + 0.22
0.5 3.65 + 0.11 162.69 + 2.17 9.73 £ 1.77
1 3.71 + 0.06 146.44 + 2.45 8.90 + 0.26
2 3.96 + 0.05 141.50 + 1.98 6.40 + 0.55
3 3.97 + 0.07 130.20 + 1.72 5.60 + 0.33
5 4.40 + 0.05 118.19 + 1.26 4.60 + 0.18
7 4.92 + 0.04 111.92 + 0.87 3.78 £ 0.14

heating scans of the DSC test in Table 2 and Figures 4A,B,
crystals formed in the cooling process in the mould melted at a
higher melt temperature and showed a broader endothermic
melting peak as compared with the crystals formed in the
cooling scan. This can be ascribed to the crystal perfection in
the recrystallisation during the first heating scan that can increase
the thickness of lamellae and the existence of a broad distribution
of lamellae sizes due to the imperfect crystallisation in the cooling
process in the mould. Also, it is worth noting that the composites
in the first heating scan have slightly lower melt temperatures
than the neat PEEK while the composites in the second heating
scan have slightly higher melt temperature than the neat PEEK
thus showing the strong effect of the cooling rate on the crystal
structures.

As presented in Table 1, the crystallisation temperature of the
composites increased remarkably due to the nucleation effect of
the EG platelets. It is clear from the results of the second heating
scans that the composites have slightly higher melt temperatures
due to higher values of T, that led to fewer defects in the PEEK
crystals, and the crystallinity degrees of the composites were
higher than the neat PEEK due to heterogeneous crystallisation.
Also, the crystallinity degree increased up to the rheological
percolation threshold and then dropped due to the formation
of a filler network at percolation which reduced chain mobility.
Beyond the rheological percolation threshold, the value of
crystallinity of the composite containing 5 vol% EG increased
due to nucleation promotion (Alvaredo et al., 2019).

Mechanical Properties

Figure 5 shows the room temperature tensile and flexural stress-
strain curves for the neat PEEK and the PEEK/EG composites,
and Table 2 and Table 3 present the influence of EG loading on
the average tensile and flexural properties of the samples. In the
tensile stress-strain curve, the neat PEEK presented a yield stress
of 96.73 + 1.96 MPa after an elastic region with a Young’s
modulus of 3.84 + 0.11 GPa, a neck-formed region, neck
propagation at a constant stress without strain hardening, and
a final break at an elongation of 27.09 + 2.88%. While the
composites exhibited a linear elastic behaviour, which was
followed by plastic deformation before fracture, the kink at
about 20.6% tensile strain in the neat PEEK is the point where
the extensometer was detached from the specimen. Also, the
flexural stress-strain diagram of the neat PEEK shows an initial
elastic region with flexural modulus of 3.55 + 0.1 GPa which is
followed by an ultimate strength of 156.41 + 3.05 MPa and finally
fractured at a strain of 12.90 + 0.22%. As expected, stress-strain
diagrams of the composites indicate a positive link between EG
volume fraction and tensile and flexural moduli. The
incorporation of 7 vol% EG into the PEEK increased the
tensile and flexural moduli to 4.57 + 0.10 and 4.92 + 0.04 GPa
which correspond to increases of 19 and 39% in stiffness,
respectively.

According to the DSC results of the first heating cycle,
crystallinity degree which directly affects the modulus of
semicrystalline polymers did not change significantly as
compared with the value of neat PEEK crystallinity apart from
the sample containing 7 vol% EG (Diez-Pascual et al, 2019).
Hence, the observed enhancements in the modulus of the
composites with respect to the neat PEEK can be related to
higher intrinsic modulus of the EG and its high aspect ratio which
provided large interfaces with the matrix (Sever et al., 2013;
Puértolas et al., 2019). However, the introduction of EG into
the PEEK led to decreases in tensile and flexural strengths and
fracture strains of the composites. The lower strength of the
composites could be attributed to weak interfacial bonding at the
interfaces of the EG galleries and the matrix and agglomerations
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FIGURE 6 | Volumetric wear rate of the neat PEEK and the PEEK/EG
composites.

of the EG platelets which caused a weak load transfer between the
EG platelets and the PEEK matrix (Fukushima et al., 2010; Song,
Xiao, and Meng 2006; Zhao et al., 2007). Also, the incorporation
of the EG platelets into the PEEK remarkably hindered the
motions of polymer chains such that the imposed external
mechanical energy could not be dissipated effectively and led
to the lower strength and significantly smaller fracture strains of
the composites (Hatui et al., 2014).

Wear Properties

Figure 6 presents the variation of the volumetric wear rate of the
neat PEEK and the composites. It can be seen from Figure 6 that
the wear rate of the neat PEEK decreased from 30 to 18.87 mm®
m™' by the incorporation of the 3 vol% EG which corresponds to
37% improvement in the wear resistance. After reaching the
critical volume fraction of 3 vol%, further increase in the EG
content resulted in a higher wear rate.

With the gradual increase of the EG content, the contact zone
between the composites and steel ball counterpart covered not
only the PEEK matrix but also the EG platelets. Before reaching
the critical volume fraction, the PEEK matrix contributed more
than the EG galleries to decreasing the wear rate of the
composites. The PEEK matrix with its outstanding mechanical
properties and high strength and ductility in the interfacial
regions provided local support for the EG galleries and
absorbed the shear energy of the steel ball counterpart. This
reduced the probability of the fracture of large EG particles from
the composite’s surfaces. Hence, they could enhance and decrease
the anti-friction character and the wear rate of the composite,
respectively, by peeling off in tiny particles and forming a
lubricant film on the composite’s surface. After a loading of
EG platelets more than the critical volume fraction, EG platelets
contribute more than the PEEK matrix to the wear resistance of
the composite. Hence, the poor shear strength of the EG platelets
and the reduction of the strength and ductility of the matrix at the

Multifunctional PEEK/EG Composites

interfacial regions which deformed through elongation rather
than breakage aggravate the wear performance of the composites
(Zhao et al., 2007; Puértolas et al., 2019). However, if the volume
fraction of the EG is less than the critical volume fraction, there
are not enough EG galleries to decrease the friction between the
matrix and the steel ball counterpart and form a lubricant film.
Therefore, the wear resistance would be also low (Hu et al., 2005).

Moreover, as shown in Figure 7 the worn surfaces of the neat
PEEK and the composites containing 3 and 7 vol% of EG which
indicated the best and worse wear resistance were analysed via
SEM to provide more information about the wear mechanism of
the PEEK/EG composites. As shown in Figures 7A,D, the neat
PEEK deformed and evident abrasive furrows on its worn surface
formed due to the friction between the matrix and the steel ball
counterpart. However, as shown in Figures 7B,C, the obvious
furrows disappear in the worn surfaces of the composites, and
they became smoother and flatter with an increase in the EG
content. This can be ascribed to the fact that the graphite particles
were peeled off and formed a lubricant film, reducing the direct
contact between the matrix and counterpart and transferring the
friction force to the graphite sheets (Wang et al., 2012). Figure 7E
shows that the ductility and strength of the matrix at the
interfacial regions of the 3 vol% of EG-loaded composite are
high enough to provide local support for the EG galleries such
that tiny EG particles are peeled off to form the lubricant film, and
a small number of micro-cracks are formed on the composite surface
(Jia et al., 2015; Sun et al., 2021). While, as shown in Figures 7C,F,
more micro-cracks and the EG galleries are observed on the surface
of the composite containing 7 vol% EG, this can be attributed to the
fact that the EG galleries were directly chipped off the composite
surface due to their poor shear strength and inadequate adhesion
strength between the EG galleries and the matrix producing more
aggravated wear of the composite as compared with the neat PEEK
(Chang et al., 2006; Huang et al., 2008).

Electrical Properties

An efficient way to prevent a build-up of electrostatic charge in
high-temperature  electrically ~ conductive  thermoplastic
composite is the incorporation of thermally conductive carbon
fillers (Diez-Pascual et al, 2010; Moniruzzaman and Winey
2006). In this work, EG platelets were incorporated into PEEK
to increase its electrically conductivity. Figure 8 presents the
effect of the EG content on the room temperature DC electrical
conductivity values of the PEEK/EG composites. At low EG
contents (<3 vol%), the electrical conductivity values of the
composites increased only slightly due to a large distance
between the particles. However, the electrical conductivity
value of the 5 vol% of EG-loaded composite increases
suddenly to 32 x 107°S m™' which is higher than the
required electrical conductivity for antistatic applications
(10°°S m™Y). This is due to the formation of electrically
conductive paths caused by either direct particle-particle
interactions or interfacial regions between particles with a
distance shorter than the tunnelling distance (10nm) in
agreement with the SEM observations (Debelak and Lafdi
2007). No remarkable change was noticed with increasing the
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FIGURE 7 | Low and high magnification SEM images of the worn surfaces of the neat PEEK (A,D) and the PEEK/EG composites containing 3 (B,E) and 7 (C,F) vol

e
10.0um

EG vol%

FIGURE 8 | DC volume electrical conductivity of the PEEK/EG
composites at room temperature.

EG loading, which suggests the EG content is beyond the
electrical percolation threshold. The electrical percolation
threshold is significantly bigger than the rheological one. The
difference can be ascribed to a shorter required filler-filler
distance for electron tunnelling as the predominant
mechanism of electrical conductivity as compared with that
required for confinement of polymer chain motions at the
rheological percolation threshold (Abbasi et al,, 2009). Also,
the electrical conductivity measurements were done on a
room-temperature solid sample, whereas the rheological

% EG.
1.E+00 threshold was measured at temperatures above Ty, so there is
LE01 likely to be much more particleparticle contacts in the rheological

s LEe02 measurement.

T 1E03

f‘ 1.E-04 . .

> 1E05

g 1o CONCLUDING REMARKS

‘E 1.E-08

S 1609 PEEK/EG composites were prepared via twin-screw extrusion and

8 1EW0 - < subsequent injection moulding. The rheological and electrical

3 iiﬁ L percolation thresholds occurred at EG loadings of 2 and 5 vol%,

s respectively. Annealing of the PEEK composites can improve their
1E-14 mechanical performance. The incorporation of EG into PEEK
LEL :; . ) s . ; . , . increased its tensile and flexural modulus and decreased its tensile

and flexural strengths and fracture stains. The composite containing 3
vol% of EG exhibited the maximum wear resistance. The electrical
conductivity value at the electrical percolation threshold was in the
required range of electrical conductivity for ESD materials.
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