
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

High‐performance and cost‐effective melt blended poly(ether ether ketone)/expanded
graphite composites for mass production of antistatic materials

Mokhtarimotamenishirvan, M., Archer, E., Bloomfield, N., Harkin-Jones, E., & McIlhagger, AT. (2021). High‐
performance and cost‐effective melt blended poly(ether ether ketone)/expanded graphite composites for mass
production of antistatic materials. Polymer International, 70(8), 1137-1145. https://doi.org/10.1002/pi.6226

Link to publication record in Ulster University Research Portal

Published in:
Polymer International

Publication Status:
Published online: 26/03/2021

DOI:
10.1002/pi.6226

Document Version
Publisher's PDF, also known as Version of record

General rights
Copyright for the publications made accessible via Ulster University's Research Portal is retained by the author(s) and / or other copyright
owners and it is a condition of accessing these publications that users recognise and abide by the legal requirements associated with these
rights.

Take down policy
The Research Portal is Ulster University's institutional repository that provides access to Ulster's research outputs. Every effort has been
made to ensure that content in the Research Portal does not infringe any person's rights, or applicable UK laws. If you discover content in
the Research Portal that you believe breaches copyright or violates any law, please contact pure-support@ulster.ac.uk.

Download date: 23/05/2023

https://doi.org/10.1002/pi.6226
https://pure.ulster.ac.uk/en/publications/92fbfa00-2bff-4871-81c6-39e689859877
https://doi.org/10.1002/pi.6226


Research Article
Received: 6 January 2021 Revised: 23 February 2021 Accepted article published: 26 March 2021 Published online in Wiley Online Library:

(wileyonlinelibrary.com) DOI 10.1002/pi.6226

High-performance and cost-effective melt
blended poly(ether ether ketone)/expanded
graphite composites for mass production
of antistatic materials
Mozaffar Mokhtari,a* Edward Archer,a Noel Bloomfield,b

Eileen Harkin-Jonesa and Alistair McIlhaggera

Abstract

In this study unfunctionalized expanded graphite (EG) was incorporated into poly(ether ether ketone) (PEEK) using twin-screw
extrusion and injection moulding to manufacture cost-effective PEEK/EG composites for mass production of high-performance
antistatic materials. Direct current electrical conductivity, morphology, rheological and thermal properties of the composites
were investigated. At an EG loading of 5 vol%, the electrical conductivity exhibited an abrupt increase to 1.45 × 10−5 S m−1

which was in the required range of electrical conductivity of antistatic materials. The frequency dependence of the storage
modulus of the melt containing 2 vol% EG decreased significantly at low frequencies. Viscosity did not increase much with
the addition of EG in comparison with other nanofillers such as carbon nanotubes. The crystallinity of PEEK increased to
41.11% from 35.87% upon addition of 3 vol% EG. EG improved the thermal stability of PEEK by an increase in the initiation
temperature of its decomposition steps.
© 2021 The Authors. Polymer International published by John Wiley & Sons Ltd on behalf of Society of Industrial Chemistry.
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INTRODUCTION
Electrostatic discharge (ESD) protection is an important require-
ment for applications of polymeric materials in industries such
as automotive, aeronautics and aerospace. For example, due to
the electrical insulation properties of polymeric materials used
in satellites, low-energy electrons accumulate on their surfaces
which causes an increase in the surface electric potential and elec-
trostatic discharge phenomena which is at the origin of many
spacecraft failures.1,2 The electrical conductivity of polymers must
be greater than 10−6 S m−1 to avoid the build-up of static charge.3

The most common strategy to enhance the electrical conductivity
of polymeric materials is incorporation of carbon based electri-
cally conductive fillers such as carbon nanotubes (CNTs) and
graphite.4–6 Expanded graphite (EG) is obtained by a rapid ther-
mal expansion of graphite flakes. It keeps a sheet-like structure
but with a large interlayer spacing and contains plentiful multi-
pores ranging from 2 nm to 10 μm. EG combines the lower price
and the layered structure of clays with the superior thermal and
electrical properties of CNTs, thus making it a promising substitu-
tion for both clay and CNTs to manufacture cost-effective
multifunctional nanocomposites.7–12

Low volume fractions of EG were applied successfully to
enhance the electrical conductivity of polymers such as
poly(methyl methacrylate),13 polysulfide, polystyrenes,14,15 poly

(styrene-co-acrylonitrile),16 poly(4,40-oxybis(benzene) disulfide)17

and nylon-618 to the semiconducting and conducting regions.
Solution mixing7,13 and in situ polymerization14–18 were exploited
to prepare the above-mentioned polymer/EG nanocomposites.
Shen et al.19 compared the effect of solution and melt mixings
on the electrical conductivity values of maleic anhydride grafted
polypropylene/EG nanocomposites and demonstrated that the
electrical conductivity percolation threshold of the melt blended
nanocomposites was higher. In solution mixing and in situ poly-
merization the polymer viscosity is lower and polymer chains pen-
etrate more into the interlayer spaces of the EG platelets, increase
their distances and enhance EG dispersion. Also, the shear level in
these processing methods is less and the aspect ratio of the filler
does not reduce significantly during the processing, thus leading
to an electrical percolation threshold at lower EG volume frac-
tions. On the other hand, in melt mixing high shear stress is
applied to overcome van der Waals interactions of the EG plate-
lets, reduce the agglomerate size and improve the EG dispersion
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state. This reduces the EG aspect ratio and the electrical percola-
tion threshold is increased.20,21 Nevertheless, melt mixing is the
method of choice in commercial polymer processing and it is
critical to assess this pathway if new electrically conductive
composite materials are to be successful.22,23

The unique properties of PEEK such as high temperature
resistance, excellent mechanical performance and chemical resis-
tance, outstanding dimensional stability and biocompatibility
have generated a lot of interest in PEEK as a substitution for
metals in industries such as biomaterials and aerospace.24–30

However, PEEK has low electrical conductivity which limits its
applicability as a high performance ESDmaterial.31–36 To enhance
its electrical conductivity, carbon fillers such as graphene nano-
platelets (GNPs) and CNTs have been added to PEEK through
solution mixing and melt blending.31,37–41 Díez-Pascual et al.37

and Bangarusampath et al.39 reported a sharp increase in room
temperature volume electrical conductivity of PEEK to about
10−3 S cm−1 with the incorporation of 0.1 wt% single-walled CNTs
using stirring and ultrasonication and 1–1.5 wt% multi-walled
CNTs via melt blending, respectively. Mohiuddin and Hoa35

showed that the electrical conductivity of melt blended PEEK/
multi-walled CNT composites increased sharply at about 3.5 wt
% loading of multi-walled CNTs indicating that the electrical
percolation threshold had occurred. Chen et al.42 reported that
PEEK/GNP composites prepared by the wet and dry methods
showed electrical percolation thresholds between 1 and 5 wt%
and electrical conductivity values of 4.54 × 10−3 S cm−1 and
4.35 × 10−3 S cm–1, respectively. The electrical percolation thresh-
old of PEEK/GNP composites manufactured by Pan et al.41

happened at 3 wt%with an electrical conductivity of 10−5 S cm−1.
Compared with CNTs and GNPs, EG is a more cost-effective,

electrically conductive filler that has been widely incorporated
into other thermoplastics. However, only 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 10−1 S cm−1 at 1.5 wt% EG loading and conductivities of
3.24 S cm−1 and 12.3 S cm−1 for 5 and 10 wt% EG loaded com-
posites respectively.34 Solution processing is not a particularly
important technique in commercial polymer processing, so it is
of interest to examine the processability and performance of
PEEK/EG composites via commercially relevant melt blending.
To the best of our knowledge, studies of the electrical properties
of melt blended PEEK/EG composites have not yet been
published.
In this study, EGwithout any surface chemistrymodification was

used to manufacture PEEK/EG composites. The composites
were prepared via twin-screw extrusion followed by injection
moulding. The effect of the loading of EG on the morphological,

rheological, thermal and electrical properties of PEEK was investi-
gated. The dispersion state of EG was examined via SEM and melt
rheology. Crystallinity and melting behaviour and thermal
stability of the samples were characterized by DSC and TGA
respectively.

EXPERIMENTAL
Materials
Amedium viscosity grade of PEEK (VESTAKEEP 2000P) with a melt
volume flow rate (380 °C/5 kg) of 70 cm3 (10 min)−1 was pur-
chased from Evonik (Marl, Germany). EG powder (GFG130) with
a mean diameter of 130 μm was kindly provided by SGL Carbon
(Wiesbaden, Germany) . The EG density is assumed as the graphite
theoretical density of 2.28 g cm−3 and the PEEK density is
1.3 g cm−3.43

Preparation of composites
The PEEK and EG powders were dried in an oven at 170 °C for 12 h
before use and premixed at various compositions. A co-rotating
twin-screw extruder (Rheomex PTW16/40 OS) with diameter of
16 mm and L/D= 40 was used to compound the PEEK and EG into
pellets. It was operated at a screw speed of 45 rpm with heating
zone temperatures as shown in Fig. 1. The exact temperature of
the melt in the extruder was 370 °C which was measured in zone
9. The in-house screw configuration shown in Fig. 1 was utilized to
improve the EG powder distribution and dispersion in PEEK. The
screw elements were composed of feed screw elements for the
forward and reverse conveying of materials in the feeding, con-
veying, reverse, venting and extrusion sections of the extruder
and mixing elements of 90° and 0° for providing 30°, 60° and
90° twist angles for the melting and mixing sections of the
extruder. The compositions of the prepared compounds are
shown in Table 1.
An injection moulder (SmartPower 35/130 UNILOG B8) was

used to mould the compounded pellets into dumbbells with
overall length, overall width, thickness and gauge length of
170, 10, 4 and 8 mm respectively for subsequent testing and char-
acterization. The composite pellets were dried in an oven at 100 °
C overnight before the injection. The heating zone temperatures,
injection and holding pressures, cooling time and mould temper-
ature of the injection moulding were 320/380/385/390 °C,
2000 bar, 1200 bar, 60 s and 220 °C, respectively.

Material characterization
SEM
SEM (Hitachi SU5000) was used to investigate the distribution and
dispersion of the EG platelets in PEEK. The fracture surface of the
samples was achieved by a rapid cryogenic fracture. A thin layer of

Figure 1. The schematic picture of the processing conditions of the twin-screw extruder.

www.soci.org M Mokhtari et al.

wileyonlinelibrary.com/journal/pi © 2021 The Authors.
Polymer International published by John Wiley & Sons Ltd on behalf of Society of Industrial Chemistry.

Polym Int 2021

2

http://wileyonlinelibrary.com/journal/pi


gold was coated on the fractured surface of the samples with a
sputter coater to minimize the charging effect.

DSC
DSC tests were carried out (TA Q100) to study the thermal transi-
tions of the composites. DSC specimens were cut from the
extruded pellets. 8 mg of each sample was sealed in standard alu-
minium hermetic pans. Every test included four cycles under a
nitrogen flow rate of 50 mL min−1. In the first and second heating
cycles the specimen was heated to 390 °C at a rate of 10 °Cmin−1

and held isothermally for 10min to remove thermal and stress his-
tories. Then the specimen was cooled to 40 °C and heated up to
390 °C again at the same rate. The melt temperature (Tm) was
determined from the melting peak of the last heating cycle. The
crystallization temperature Tc and its onset (Tco) and endset (Tce)
were obtained from the maximum, onset and endset of the crys-
tallization peak of the cooling cycle. The ratio of the melting
enthalpy ΔHm (corrected for the amount of PEEK) from the fourth
cycle and the enthalpy of fusion of ideal PEEK crystal (ΔHf = 130 J
g−1) was applied to estimate the degree of crystallinity of PEEK in
the composites (Xc).

44 The overall crystallization time was
obtained using

tc=
Tco−Tce

a
ð1Þ

where a is the cooling rate. Each test was done three times.

TGA
TGA tests were conducted (TA Q600) in an air medium. For study
of the degradation mechanism and thermal stability of the com-
posites, TGA specimens were cut from the extruded pellets. The
mass of a specimen was 10 mg. Every test specimen was heated
to a temperature of 1000 °C at a heating rate of 10 °Cmin−1. Every
test was done three times.

Rheology
The rheological properties of themelt weremeasured using a rhe-
ometer (AR 2000) with 25 mm steel parallel plates at a gap setting
of 1 mm. The measurements were carried out by the flow and
oscillation methods at 370 °C (the exact melt temperature in the
extruder) as a function of shear rate and angular frequency. Fre-
quency and shear rate were changed between 0.06 and
600 rad s−1 and 0.001 and 10 s−1 respectively. A strain amplitude
of 6.25 × 10–3, which is within the linear viscoelastic region, was
chosen for the oscillation test.

Electrical conductivity (EC)
The volume resistivity of low conductivity PEEK composites was
measured with an electrometer/high resistance meter (Keithley
6517B) and the volume resistivity of moderately conductive com-
posites (resistance below 106 Ω) was measured using an interac-
tive digital source meter (Keithley 2450) at a temperature of 18 °
C and humidity of 75%. The samples were cut from the same
shoulder of the dumbbell to a size of 18 × 18 × 1.5 mm3. They
were placed between two electrodes and a potential difference
was applied between them. Both surfaces of the samples were
coated with silver paste to reduce the contact resistance between
samples and electrodes. The resistance (R) was obtained directly

Table 1. Details of the composites

PEEK/GFG130 EG vol% EG wt%

PEEK 0 0
0.5% 0.5 0.9
1% 1 1.7
2% 2 3.5
3% 3 5.2
5% 5 8.5
7% 7 11.7

Figure 2. SEM images of PEEK/EG composites at low magnification.
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from the instruments and volume resistivity (ρ) was calculated
using

ρ=RA=L ð2Þ

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

RESULTS AND DISCUSSION
Morphology analysis
To evaluate the dispersion of EG in the PEEK matrix, SEM images
were taken from the fracture surfaces of the injection moulded

samples. SEM images of the PEEK/EG composites at two different
magnifications are shown in Figs 2 and 3.
A sudden evaporation of intercalate in the expansion process of

EG causes a 100 times expansion in the thickness direction of the
graphite crystal which results in a huge increase in its volume.
After the expansion, EG forms a loose and porous network struc-
ture that consists of a lot of tangled sheets with thickness and
diameter on the nanometre and micrometre scale respectively.
The structure obtained has a high surface area and graphite
nanosheets with a thickness less than 100 nm.20,45,46 Additionally,
the large pores and large surface area ease processing of EG
loaded polymers, and functional groups such as –OH and –COOH,
resulting from the expansion, on the surfaces and the pores of EG
galleries can affect the adsorption of polymer molecules onto the
pores.13

Figure 3. SEM images of the PEEK/EG composites at high magnification.

Figure 4. Storage modulus (a) and tan ⊐ (b) of the PEEK/EG composite melts versus angular frequency for different EG loadings at 370 °C.
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Further exfoliation of EG galleries is achieved via the shear stress
applied during processing and penetration of the polymer mole-
cules into the gallery spaces. The dispersion level of EG in the PEEK
matrix and interfacial morphology can be seen in Figs 2 and 3. They
indicate that, with increasing EG content, the dispersion quality
increases and the EG galleries are exfoliated more. In addition, the
intercalation of PEEK chains into the EG pores supports the EG plate-
lets internally preventing collapse and maintaining their network
structure, which is helpful in building a three-dimensional filler
network for enhancing electrical conductivity.19,20,47

Rheological properties of PEEK/EG composites
Linear viscoelastic properties
The linear viscoelastic properties of the PEEK/EG composite melts
as a function of EG loading were studied at a temperature of 370 °
C to estimate the dispersion level of EG in the composites. As
shown in Fig. 4(a) the frequency sweep graphs of the composites
indicate different behaviour depending on the EG concentration.
The neat PEEK chains were fully relaxed and exhibited standard
polymer viscoelastic behaviour. Here the linear viscoelastic spec-
trum of the storage modulus (G

0
) exhibits three characteristic

regions separated by the lowest relaxation time (τ0) and the lon-
gest relaxation time (reptation time τN) of the polymer chains. In
the high frequency region w> τ0

−1, the dependence of storage
modulus on frequency becomes very weak due to the lack of
relaxation processes at such a time scale; at intermediate frequen-
cies τN

−1<w< τ0
−1, G

0
(w)~w0.5 and segmental motions of the

polymer chains or Rouse relaxation processes occur; and at low
frequencies w< τN

−1, G
0
(w)~w2 and terminal relaxation processes

(reptation or long-rangemolecular motions) occur. Generally, par-
ticle inclusion increases the magnitude of the storage modulus of
composites at all frequencies.
As shown in Figs 2(a) and 2(b) there were not enough particle

contacts in the samples containing 0.5 and 1 vol% to form a
three-dimensional network of the EG galleries. Hence, it is clear
from Fig. 4(a) that the storagemodulus spectrum of these compos-
ites is not affected. However, the 0.5% and 1% samples have an
unexpected decrease in G

0
compared with the neat PEEK at low

and intermediate frequencies. It is obvious from Figs 2(a) and 2
(b) that, at these loadings, EG spheres of rotation did not intersect
and there was plenty of space to slip over each other due to the

applied shear. The friction coefficient of EG platelets is lower than
that of neat PEEK allowing slipping and orientation of the polymer
chains, reducing entanglements and leading to an increase in
Rouse and terminal relaxation processes.48 Hence, the decrease in
Rouse and reptation relaxation times of the polymer chains leads
to a reduction in G

0
of the mentioned samples at low and interme-

diate frequencies. Also, as shown in Fig. 4(b), the increase in tan ⊐
values at the low EG loadings of 0.5 and 1 vol% comparedwith neat
PEEK confirm the reduction in elasticity of the composites. How-
ever, it is clear from Figs 5(a) and 5(b) that, unlike G

0
and tan ⊐, there

are small increases in the values of G00 and the complex viscosity of
the low EG content composites due to the flowability restriction
created by the EG platelets.
The storage modulus as a function of EG volume fraction, at a

fixed frequency of 0.1 rad s−1, is plotted in Fig. 6 and shows a
rapid increase in the storage modulus of the composite melt at
2 vol% of EG.49 Also, it can be seen in Fig. 4(a) that the storage
modulus of the composite containing 2 vol% of EG presents a
significant deviation from the standard terminal behaviour at
low frequencies and there is a reduction in the dependence on
angular frequency indicating attainment of rheological percola-
tion. It is obvious from Fig. 2(e) that filler–filler interactions
increased and a three-dimensional EG network was formed.50–
52 The possible elastic filler–filler interactions and the immobili-
zation of the polymer segments near the particles at the inter-
phase regions result in significant enhancements in elasticity
and an increase in the reptation time of the PEEK chains. In the
low frequency region, the characteristic relaxation time is the
reptation time of the PEEK/EG composites and the characteristic
time of the deformation process is the inverse of the angular fre-
quency of the small amplitude oscillation test. With an abrupt
increase in the reptation time at the rheological percolation
threshold, the Deborah number increases and the liquid-like
behaviour of the composite melt changes to solid-like behav-
iour; the time-independent or elastic portion of the composite
melt increases sufficiently that the storage modulus is indepen-
dent of the angular frequency.52–56 Also, it is obvious from Fig. 4
(b) that tan ⊐ decreased with increase in the EG concentration at
the rheological percolation threshold, showed a swift decrease
and at low frequency ranges was almost independent of
frequency.57

Figure 5. Loss modulus (a) and complex viscosity (b) of the PEEK/EG composite melts versus angular frequency for different EG loadings at 370 °C.
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Figure 5(b) indicates the complex viscosity of the composites at
different EG loadings. Viscosity increases with EG loading espe-
cially at low frequencies which is related to the increase in
particle–polymer interactions and the reduction in flowability of
the PEEK chains. Also, an abrupt increase in viscosity and a change
of viscosity behaviour from Newtonian to shear thinning at lower
frequencies is observed at the rheological percolation threshold.
It can be seen from Fig. 4(b) that the values of tan ⊐ at and after
the rheological percolation threshold are close, equal and lower
than 1 which means that the energy dissipation capability of the
composite melt is reduced notably due to the formation of a
semi-solid and elastic EG network. The kinetic energy at low fre-
quencies could not be dissipated by chain motions leading to
the breakage of elastic van der Waals filler–filler interactions, the
orientation of the platelets in the flow direction and shear thin-
ning behaviour at and after the rheological percolation threshold.

Steady shear behaviour
The steady shear behaviour of the PEEK/EG composites as a func-
tion of EG loading was studied at 370 °C to estimate the process-
ability of the composites. Figure 7 shows the dependence of the
shear viscosity of the PEEK/EG composites on shear rate. The
zero-shear viscosity of the composites with EG loadings well
above the rheological percolation threshold was increased and
an earlier onset of shear thinning behaviour at low shear rates
was observed.58,59 An increase in zero-shear viscosity and a shear
thinning behaviour at long times or low shear rates are indicative
of a percolated filler network and strong filler–filler interactions.
On the other hand, due to the orientation of the EG platelets in
the flow direction at high shear rates, the EG platelets had a rela-
tively small influence on the values of shear viscosity and the com-
posites also displayed a strong shear thinning behaviour at high
shear rates. These EG platelets cause a non-Newtonian response
at all shear rates at and beyond the rheological percolation
threshold.60,61 The comparison of complex viscosity and shear vis-
cosity in Figs 5(b) and 6 shows that the empirical Cox–Merz rule,
η* wð Þ=η _γð Þ for w= _γ , failed for the composites, especially for
those with EG loadings well above the rheological percolation
threshold. The values of complex viscosity are higher than the
values of shear viscosity especially at the lower shear rates which
suggests some orientation and alignment of the EG platelets in
the steady shear test even at low shear rates.59

In addition, the value of viscosity at and beyond the rheological
percolation threshold does not increase much compared with the
viscosity of the neat PEEK at the higher shear rates more typical of
polymer processing which is positive for processing of these
materials. Papageorgiou et al.62 also found that the incorporation
of 5 and 10 wt% of GNP into PEEK did not significantly increase
the viscosity of neat PEEK. It is important to point out that Bangar-
usampath et al.39 reported a significantly higher viscosity of PEEK
filled with CNTs at the same filler content, making the processing
of the nanocomposites very challenging. A higher melt viscosity
not only needs more energy and higher temperatures for proces-
sing but also increases the shear stress level in the extruder die
which can lead to melt fracture and thermal decomposition of
the PEEK. Therefore, since EG does not significantly increase PEEK
viscosity at typical processing shear rates it has an advantage
compared with other conductive nanofillers in enhancing the
electrical conductivity of PEEK.

DSC
The effect of EG loadings on glass transition temperature, crystal-
lization and melting behaviours of the composites was evaluated
by DSC under a non-isothermal condition. The results are shown
in Table 2 and Fig. 8. It is clear from Table 2 that incorporation
of EG into PEEK does not significantly affect the glass transition
temperature of the composites.63

Adding fillers to a polymer matrix can affect its crystallization
behaviour through a nucleation effect and by altering the mobil-
ity of the polymer chain segments via a confinement effect. If the
chain mobility confinement effect is dominant during the crystal-
lization process, the crystallization temperature shifts to lower
values and the degree of crystallinity decreases. Otherwise, they
increase due to occurrence of heterogeneous crystallization. In
heterogeneous crystallization, fillers act as nucleation agents that
reduce the nucleation barrier energy for crystallization.64,65 As
presented in Table 2 and Fig. 8(b), the onset and peak of the crys-
tallization temperature increased remarkably at low EG loadings
due to the nucleation effect of the EG platelets. Higher values of
Tc lead to fewer defects in the PEEK crystals and higher melt tem-
peratures in the composites.66 Pan et al.41 manufactured PEEK/
GNP nanocomposites via the combination of a ball mill and a
hot press. They found that the onset and peak of crystallization
temperature and crystallinity degree of the nanocomposites

Figure 6. Storage modulus as a function of the EG volume fraction at a
fixed frequency of 0.1 rad s−1. Figure 7. Steady shear viscosity of PEEK/EG composite melts versus shear

rate for different EG loadings at 370 °C.
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increased up to a GNP loading of 5 wt% due to the nucleation pro-
motion. The values of these properties reduced at higher GNP
contents due to reduction of polymer chain mobility. In another
study, Díez-Pascual et al. incorporated CNTs into PEEK through a
combination of solution mixing and melt blending. The CNTs
decreased the temperature of crystallization of the nanocompo-
sites due to confinement and reduction of PEEK chain
movement.67

It is clear from Fig. 8(a) and Table 2 that the crystallinity degrees
of the composites are higher than that of neat PEEK due to hetero-
geneous crystallization. The crystallinity degree increases up to 3
vol% of EG and then drops due to a reduction of chain mobility.68

Yu et al.69 prepared PEEK/graphene nanocomposites using the
combination of a ball mill, melt blending and solution mixing.
They found that the degree and temperature of crystallization of
the nanocomposites decreased compared with neat PEEK
because of the reduction of polymer mobility. In another study,
Alvaredo et al.70 utilized melt blending to add GNPs to a PEEK
matrix. The GNP loading increased the temperature of crystalliza-
tion of the nanocomposites with no change in the degree of crys-
tallinity compared with neat PEEK.
Crystallization rate is a crucial parameter in the processing of

thermoplastics. The introduction of EG to the PEEK matrix
decreases the overall crystallization time andwill therefore reduce
cooling cycle times. PEEK is a semicrystalline polymer and its ulti-
mate mechanical properties are strongly dependent on its crystal-
lization behaviour; therefore, simultaneous increase of PEEK
crystallization rate and degree by adding EG can be very promis-
ing in tailoring its properties during processing and

annealing.71,72 Chen et al.42 discovered that increasing the load-
ing of GNP flakes from 0.1 to 10 wt% in PEEK slowed the crystalli-
zation rate although it increased Xc. Yu et al.69 found that the
overall crystallization time of PEEK/graphene nanocomposites
increased with increase in graphene content, but it was always
lower than that of neat PEEK.

TGA
As shown in Fig. 9 the thermal decomposition of neat PEEK and
the composites in air exhibits a two-step decomposition. In the
first step about 30% mass loss occurs within a 50 °C window
due to chain scission of ether and ketone bonds. The remaining
polymer mass at the end of this step was carbonaceous char. In
the second decomposition step, the carbonaceous char obtained
from the first step is oxidized.73–75 The first and second decompo-
sition steps of virgin PEEK started at 546 and 595 °C respectively
and inclusion of 0.5 and 7 vol% of EG increased these tempera-
tures to 556 and 606 °C and 562 and 613 °C respectively which
meant that EG enhanced the thermal stability of PEEK. The
enhancement can be attributed to limitation of the thermal
movements of the PEEK chains close to the EG surfaces and the
confinement of the decomposition products due to the gas bar-
rier properties of the layers of EG.36

Electrical conductivity
The electrical conductivity of polymer composites is influenced
significantly by the dispersion state of the fillers which is deter-
mined by alignment, concentration and properties of the fillers
and the filler–filler and filler–matrix interactions.37,76 The effect

Table 2. Non-isothermal crystallization parameters of PEEK/EG composites obtained from the DSC measurements

EG content (vol%) Tg (°C) Tm (°C) ΔHm (J g−1) Xc (%) Tc (°C) Tco (°C) Tce (°C) tc (min)

0 150 342 50.15 35.87 292 297 285 1.2
0.5 150 343 52.77 40.59 298 302 292 1.0
1 149 343 52.38 40.29 299 303 295 0.9
2 149 343 53.37 41.05 301 305 296 0.9
3 149 343 53.44 41.11 301 305 296 0.9
5 148 344 49.91 38.39 303 307 298 1.0
7 149 344 49.88 38.37 303 307 298 1.0

Figure 8. DSC results of the PEEK and composite samples at 10 °C min−1: (a) second heating scan; (b) cooling scan.

High-performance and cost-effective melt blended poly(ether ether ketone) www.soci.org

Polym Int 2021 © 2021 The Authors.
Polymer International published by John Wiley & Sons Ltd on behalf of Society of Industrial Chemistry.

wileyonlinelibrary.com/journal/pi

7

http://wileyonlinelibrary.com/journal/pi


of EG loading on the electrical conductivity values of the PEEK/EG
composites at room temperature was analysed, and the result is
shown in Fig. 10. Like most polymers, PEEK is an electrical insula-
tor and the addition of a conductive filler like EG will impart con-
ductivity if a conductive filler network can be formed. At low EG
content, the electrical conductivity values of the composites
increase only slightly because, as shown in Figs 2(a)–2(d), the EG
platelets are isolated from each other and the conductance of
the composites is governed mostly by the conductivity value of
the insulated PEEK.77,78 An abrupt rise in the electrical conductiv-
ity of the composites occurs at an EG content of 5 vol% suggest-
ing that a three-dimensional filler network has been formed and
a transition from insulator to semiconductor has occurred. The
porous structure of the EG fillers is very effective in promotion
of conductive networks.79 As shown in Fig. 3(e), at the percolation
threshold, PEEK molecules penetrated into gallery spaces of
EG platelets causing further delamination.10,13,21,80,81 It is precious
to mention that the rheological percolation threshold is signifi-
cantly smaller that the electrical one. The difference can be
ascribed to a shorter required particle-particle distance for elec-
tron tunnelling as the predominant mechanism of electrical con-
ductivity as compared with that required for the confinement of
polymer chains motions at the rheological percolation

threshold.57 With an increase of EG content beyond the electrical
percolation threshold, the electrical conductivity increases gently
since more particles are available to contact and form conductive
paths.80,82 The electrical conductivity values of composites con-
taining 5 and 7 vol% of EG are 1.45 × 10−5 and
2.40 × 10−3 S m−1 which are higher than required electrical con-
ductivity for antistatic applications.3 However, Goyal obtained
much higher values of electrical conductivity for PEEK/EG com-
posites than this research due to the better dispersion quality of
EG platelets in the PEEK matrix achieved by using an ultrasonic
tip in solution mixing.34

CONCLUSIONS
PEEK/EG composites were manufactured via twin-screw extrusion
and subsequent injectionmoulding. EG platelets promoted nucle-
ation and increased the PEEK crystallinity significantly and
enhanced its thermal stability. The rheological and electrical per-
colation thresholds occurred at EG loadings of 2 and 5 vol%
respectively. The viscosity of the composite did not increasemuch
at the electrical percolation threshold suggesting that the mate-
rial will be suitable for melt processing and mass production.
The electrical conductivity value at the electrical percolation
threshold was in the required range of electrical conductivity of
ESD materials.
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