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Nano-reinforced fibres were spun from a semicrystalline high-performance poly(ether
ether ketone) containing up to 10 wt% vapour-grown carbon nanofibres using conventional
polymer processing equipment. Mechanical tensile testing revealed increases in
nanocomposite stiffness, yield stress, and fracture strength for both as-spun and
heat-treated fibres. X-ray and differential scanning calorimetry analyses were performed in
order to investigate both the orientation of nanofibres within the polymer matrix and the
matrix morphology. The carbon nanofibres were found to be well aligned with the direction
of flow during processing. Significantly, the degree of crystallinity of the poly(ether ether
ketone) matrix was found to increase with the initial addition of nanofibres although the
crystal structure was not affected. The measured increase in composite tensile modulus is
compared to injection-moulded nanocomposite samples made from the same blends. The
results highlight the need to characterise the matrix morphology when evaluating
nanocomposite performance and hence deducing the intrinsic properties of the nanoscale
reinforcement. C© 2003 Kluwer Academic Publishers

1. Introduction
The development of carbon-nanotube and carbon-
nanofibre-reinforced polymer composites not only of-
fers unique opportunities to improve the physical and
mechanical properties of a given matrix but also allows
the evaluation of the intrinsic properties of the reinforc-
ing nanoscale phase. The use of carbon nanotubes and
vapour-grown carbon nanofibres as reinforcements has
already been shown to improve the mechanical prop-
erties of various polymer matrix systems (for a recent
review on carbon-nanotube-based polymer composites
see [1] and the references therein) [2–6]. Standard poly-
mer processing can often be used satisfactorily for these
nanocomposites and does not break down the rein-
forcement material, an issue commonly encountered
in short-fibre-composites which can limit recyclabil-
ity. Furthermore, initial studies have indicated that the
small size of the nanoscale reinforcement allows an en-
∗ Author to whom all correspondence should be addressed.

hancement of the properties of delicate structures such
as polymer fibres [7, 8].

The key technical challenges which remain for such
carbon-nanotube and nanofibre-reinforced polymers
are the achievement of a homogeneous dispersion, good
interfacial bonding and a controlled degree of align-
ment. It is also apparent from these studies that an
ability to predict nanocomposite properties for a given
filler type and loading fraction remains challenging,
with different increases in performance being reported
for different types of nanostructures. Depending on
the type of reinforcement, additional factors such as
the crystalline quality [9] as well as the ‘waviness’ of the
fibrous filler inside the matrix are expected to influence
the reinforcement capability [10].

Current approaches towards increasing the orienta-
tion of the nanoscale reinforcement within the poly-
mer matrix range from optimisation of the extrusion
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die [5] to stretching the composite melt to form fibres
[7, 8, 11]. In addition, changes in the morphology of
semicrystalline thermoplastic polymers due to the pres-
ence of carbon nanotubes and nanofibres have been
observed [3, 12, 13]. Processing techniques that lead
to oriented polymers can induce different crystallisa-
tion behaviours, but the effects of carbon nanotubes or
nanofibres on such oriented polymer systems, although
significant [13], have not yet been fully established.
Interactions of the nanoscale reinforcement with the
matrix during processing and the resulting effects on
overall composite performance need to be considered
when attempting to evaluate the intrinsic properties of
the reinforcement.

In a recent study [6] we showed that twin-screw
extrusion and injection-moulding successfully led to
the production of nanocomposites containing well-
dispersed and aligned vapour-grown carbon nanofi-
bres in a high-performance semicrystalline poly(ether
ether ketone) (PEEK) matrix with improved mechan-
ical properties. The addition of nanofibres in concen-
trations up to 15 wt% resulted in a linear increase with
concentration in composite tensile modulus, yield stress
and fracture strength, while matrix ductility was main-
tained up to loading fractions of 10 wt%. Differential
scanning calorimetry (DSC) indicated that for this ma-
trix system the nanofibres did not alter the polymer
morphology under the applied processing conditions.
Nevertheless, we provided evidence that the presence
of nanofibres could influence the matrix morphology
under certain conditions. The nanofibres did not act as
a nucleation site for crystallisation, which started in
the bulk of the polymer, but, on slow cooling from the
melt, the surface structure of the nanofibres led to an en-
hanced secondary crystallisation in the confined space
between and around the nanofibres [6].

The present study was aimed at investigating the
potential of vapour-grown carbon nanofibres as a re-
inforcement for poly(ether ether ketone) melt-spun
nanocomposite fibres. The application of such a melt-
spinning process was expected to lead to improved
alignment of the nanoscale reinforcement within the
matrix. The influence of the nanofibre content on the
mechanical performance of the composite fibres was
characterised by tensile tests for both as-spun and heat-
treated samples. DSC and X-ray diffraction were ap-
plied to investigate the crystalline structure and the de-
gree of crystallinity of the matrix, as well as the degree
of alignment of the reinforcement.

2. Materials and experimental details
Poly(ether ether ketone) powder, grade Victrex 450G,
was obtained from ICI. The vapour-grown carbon
nanofibres (CNF) [Pyrograf III PR-19-PS] were pur-
chased from Applied Sciences Inc, USA. The carbon
nanofibre material consists of a mixture of two distinc-
tive structures present in the sample, relatively straight
cylindrical tubes and the so-called bamboo tube-like
structures, arranged into loose aggregates. The inner
part of a nanofibre wall, for both tubes and bamboo-
like structures, shows an arrangement of the graphitic
layers at a ±15◦ angle with respect to the fibre axis. The

outside part of the wall is made up of short graphitic
segments parallel to the fibre axis. The nanofibre mate-
rial has an aspect (length-to-diameter) ratio of around
1000 in the as-received state and is free of carbonaceous
contaminations.

PEEK nanocomposite masterbatches containing 0,
5 and 10 wt% CNF were prepared using a Berstorff
co-rotating twin-screw extruder with a length-to-
diameter ratio of 33. From these masterbatches, carbon-
nanofibre-reinforced PEEK fibres were spun from a
Rheometrics Scientific capillary rheometer at 370◦C
with a drawing speed of about 15 m/min. This pro-
cess resulted in an average fibre diameter of 0.19 ±
0.02 mm. A set of samples was subsequently heat-
treated at 200◦C for 30 min, followed by 4 hrs at 220◦C,
an approach previously used for injection-moulded
carbon-nanofibre-reinforced PEEK composites in or-
der to maximise crystallinity [6]. Field emission gun
scanning electron microscopy (FEGSEM) was carried
out on gold-coated, liquid nitrogen fracture surfaces of
the fibre specimens, using a JEOL 6340F.

Force-controlled fibre tensile tests were performed
at room temperature with a TA Instrument 2980 Dy-
namic Mechanical Analyser. The fibres with a gauge
length of 5.5 mm were gripped in thin film tension
clamps. Stress-strain curves up to specimen fracture
were obtained for all materials by ramping the force
up at 0.1 N/min. DSC was performed on fibre bundles
using Perkin Elmer equipment. Melting and crystallisa-
tion patterns were recorded at 10◦C/min during heating
and cooling measurements between 70 and 380◦C .

X-ray fibre diffraction patterns of both the as-spun
and the heat-treated samples were collected, at room
temperature, on a CCD array, using a Ni-filtered Cu Kα

source, operating at 40 kV and 30 mA, calibrated with
silicon powder. The diffraction pattern of the vapour-
grown carbon nanofibres is dominated by a strong
Bragg peak centred around 0.34 nm, which corresponds
to the interlayer spacing within the nanofibres (referred
to as the (002) peak hereafter). The slightly larger d
spacing as compared to graphite is related to the stack-
ing disorder in these nanostructures. Due to the internal
‘herringbone’ arrangement of the graphitic planes (ori-
ented at ±15◦ with respect to the tube axis) the (002)
reflection tends to appear as a small arc instead of a
sharp peak even for perfectly aligned nanofibres.

3. Results and discussion
SEM images of fracture surfaces of two PEEK
nanocomposite fibres are shown in Fig. 1. The image on
the left is an as-spun composite fibre containing 5 wt%
and the one on the right is a heat-treated nanocompos-
ite fibre containing 10 wt% carbon nanofibres. Both
images reveal the homogeneous dispersion of carbon
nanofibres within the matrix. No nanofibre agglomer-
ates or voids could be observed in any of the fibres
investigated. The images indicate both a high degree
of alignment of the nanofibres to the spinning direction
and a high quality surface finish.

Fig. 2 shows comparative stress-strain diagrams of
the (a) as-spun and (b) heat-treated PEEK nanocom-
posite fibres as a function of nanofibre weight fraction.
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Figure 1 Scanning electron micrographs of fracture surfaces of (left) an as-spun nanocomposite fibre containing 5 wt% and (right) a heat-treated
nanocomposite fibre containing 10 wt% carbon nanofibres, showing the homogeneous dispersion and alignment of nanofibres achieved during
processing.
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Figure 2 Representative stress-strain diagrams of the composite fibres
as a function of nanofibre loading. Curves displayed are for (a) the as-
spun fibres and (b) the heat-treated samples.

At least three fibres were tested for each loading frac-
tion and only minor deviations in mechanical properties
such as modulus and yield stress were observed. The
deviations in strength and strain to failure for a given set
of samples can be attributed to the experimental method
used. As can be seen there is an increase in tensile mod-
ulus for both types of material with increasing nanofibre

weight fraction. The as-spun nanocomposite fibres re-
vealed an initial yielding at about 3% strain, followed
by uniform necking and drawing. (It is important to note
that the tensile test was based on a constant force ramp
and not on a constant crosshead displacement speed and
thus no ‘yield drops’ were observed.) The pure PEEK
matrix showed such a necking plateau up to about 70%
strain before strain-induced crystallisation and subse-
quent stiffening occurred. The plateau region before
the strain-hardening was significantly reduced for the
as-spun nanocomposites containing 5 wt% nanofibres
and hardly present for the sample containing 10 wt%.
The fibre fracture strength appears to increase with the
addition of nanofibres for the as-spun samples whereas
the strain to failure does not seem affected within ex-
perimental accuracy. After heat-treatment, there was
a general improvement in modulus, yield stress, and
fracture strength whereas the ultimate elongation was
reduced for the two nanocomposites. The heat-treated
samples displayed a necking plateau for the pure ma-
trix only, which retained a yield strain of about 20% but
strain-hardening occurred earlier at about 50%.

The microstructure of PEEK, in terms of crystallite
morphology and orientation, is dependent on its ther-
mal history and the manufacturing process employed
[14], as well as the presence of possible nucleation sites
[15]. In carbon-fibre-reinforced PEEK, the presence of
macroscopic fibres and variations in their surface mi-
crostructure were found to additionally influence ma-
trix morphology [16–18]. Subsequent heat-treatment of
such composites also influences the matrix morphol-
ogy [19]. Therefore, in this study, DSC analysis was
performed on all samples in order to assess the crystal
structure and the degree of crystallinity.

On heating the as-spun nanocomposite fibres in the
DSC, the PEEK glass transition, Tg, at 143◦C, was
followed by a clear exotherm, centred at 163◦C, rep-
resenting a continuation of the crystallisation process
that was suppressed by quenching the fibres after spin-
ning. This crystallisation feature was shifted to higher
temperatures by 20–25◦C for the pure PEEK matrix
although the glass transition was indistinct. For all of
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T ABL E I DSC thermal parameters recorded for PEEK-CNF nanocomposite fibre samples during heating. All calculated degrees of crystallinity
Xc are normalised to the actual weight fraction of polymer. For comparison, the degree of crystallinity determined from the X-ray analysis is also
included

Heat-treated
As-spun (30 min @ 200◦C + 4 h @ 220◦C)

Processing
Analysis PEEK 5 wt% 10 wt% PEEK 5 wt% 10 wt%

DSC Tg (◦C) – 143 143 – – –
Tr (◦C) 182 162 162 – – –
Tm (◦C) 332 332 332 328 328 328
Xc (%) 6 12 12 13 18 19

X-ray Xc (%) 6 8 10 13 17 20

The theoretical value for the enthalpy of melting for 100% crystalline PEEK was taken to be 130 J/g [14].

the as-spun fibres, continued heating revealed a melt-
ing feature at 300–330◦C with a shape characteristic of
the combined recrystallisation and melting associated
with small crystallites. After heat-treatment, both fibre
and injection-moulded samples showed only a single
melting peak at around 330◦C [6], with no evidence for
either earlier crystallisation or recrystallisation during
melting.

The positions of the glass transition, crystallisation,
and melting features are summarised in Table I. Evalu-
ation of the enthalpies normalised to the actual weight
fraction of polymer present, allowed the determination
of the degree of crystallinity Xc achieved during fibre
processing. As can be seen from Table I, Xc of the pure
as-spun PEEK fibres was about 6% and increased to
12% for both untreated nanocomposite fibres. The heat-
treated pure PEEK fibre had a degree of crystallinity of
13% which increased to about 18% for both treated
nanocomposite fibres.

The results from the DSC analysis clearly showed
that, in the case of melt-spun PEEK nanocomposite fi-
bres, the presence of the nanoscale reinforcement led
to an increase in the overall degree of crystallinity. This
increase was present in both types of fibres but appears
to be independent of nanofibre content. On the other
hand, the melting peak, which is related to the crys-
tallite thickness and the distribution of spherulite size,
gave no indication of any change in crystallite structure.
A sharp onset to melting occurred at 295◦C and was in-
dependent of nanofibre content and heat-treatment.

Complimentary evidence for these effects was pro-
vided by the X-ray analysis. Fig. 3 shows typical 2-D
diffraction patterns of the as-spun and heat-treated pure
PEEK fibres and the 10 wt% nanocomposite fibres.
The 2-D pattern of the as-spun pure PEEK fibre in
Fig. 3a reveals a broad ring from the diffuse scattering
of the polymer matrix. With increasing nanofibre addi-
tion, the increase in crystallinity becomes evident (b).
On the other hand, Fig. 3c clearly shows the increase
in crystallinity for the pure PEEK fibres with heat-
treatment. Again, the presence of carbon nanofibres fur-
ther increased the overall degree of crystallinity in this
system (d).

The alignment of the nanofibres is demonstrated by
the arcs of the (002) Bragg reflection, indicated by the
arrows in Fig. 3. Azimuthal scans for both the as-spun
and the heat-treated nanocomposite fibres indicate that
the graphitic layers are aligned to within approximately

±30◦. Taking into account the crystallographic arrange-
ment of the graphitic planes in these nanofibres, which
are partly arranged in a ‘herringbone’ structure, the de-
gree of alignment of the nanofibres can be considered
to be even higher. This alignment is independent of
nanofibre content and was not observed to change sig-
nificantly during heat-treatment.

Equatorial scans of the diffraction patterns also
clearly revealed the increase in crystallinity with both
nanofibre content and heat-treatment. Fig. 4 shows an
intensity vs 2θ plot for the as-spun pure PEEK and
the 10 wt% composite fibre and all the heat-treated
PEEK composite fibres. The intensities are normalised
with regard to the amorphous background. The polymer
main reflexions in this plot are labelled (110), (200),
(111), and (211) and correspond to the so-called crys-
tal I form of PEEK [20]. This two-chain orthorhombic
crystal structure has been previously observed for melt-
spun and annealed PEEK monofilaments [20]. As can
be seen from the (110) peak intensity, the degree of
crystallinity is improved for the nanocomposite fibres
compared to the pure PEEK fibres but this increase is
independent of nanofibre content, in agreement with the
DSC data. The degrees of crystallinity were estimated
from the approximate relative areas under the amor-
phous and crystalline peaks, and are listed in Table I
for comparison with the DSC results.

These trends in crystallinity are useful for under-
standing the mechanical properties, as discussed be-
low, but their origins are not completely straightfor-
ward to interpret. The essential phenomenon is that all
of the spun fibres have a much lower crystallinity than
injection-moulded and subsequently heat-treated sam-
ples made from the same masterbatches. One likely
interpretation is that a combination of rapid quench-
ing with a high degree of polymer alignment induced
by the spinning process produces a distribution of very
small crystallites in the pure fibre matrix. Alignment
of the polymer was indicated by both strong birefrin-
gence of the fibres and the alignment of the crystallites
in the X-ray patterns, whilst the presence of small crys-
tallites is suggested by the shape of the melting peak
observed in the DSC. Such small crystallites have been
found previously to constrain PEEK and increase its
Tg [21, 22], and may prevent maximum crystallisation
after annealing above Tg. For the injection-moulded
samples, slower cooling from the melt allowed larger
crystals to grow as evidenced by a higher melting peak
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Figure 3 X-ray fibre diffraction patterns of (a) as-spun and (b) heat-treated pure PEEK fibres, (c) as-spun, and (d) heat-treated nanocomposite fibres
containing 10 wt% carbon nanofibres.

10 15 20 25 30 35

As-spun
   [AS]

Heat-treated
       [HT]

(211)

Graphite
  (002)

(200)

(111)

(110)
 Pure PEEK AS
 10wt% CNF AS
 Pure PEEK HT
 5wt% CNF HT
 10wt% CNF HT

N
or

m
. 

in
te

ns
ity

 [
a.

u.
]

2Θ [degree]

Figure 4 Normalised equatorial intensities (from Fig. 3) as a function
of 2θ for as-spun and heat-treated pure PEEK and nanocomposite fi-
bres, showing the increase in crystallinity with heat-treatment and carbon
nanofibre addition.

temperature, a normal bulk Tg and the normal maxi-
mum crystallinity attained after heat-treatment [6]. On
adding the nanofibres, the crystallinity of the fibres all
but doubles, although the absolute value remains rela-
tively low. The nanofibres also reduce the temperature
at which crystallisation occurs on heating in the DSC.

The nanofibres must play some sort of nucleating role
in the development of crystallinity of this oriented sys-
tem, although a loading of 10 wt% of nanofibres has
little additional influence over 5 wt%. Given that the
nanofibres did not appear to act as nucleating agents in
the injection-moulded samples [6], the effect is proba-
bly related to local changes in polymer orientation or
strain, caused by the presence of the nanofibres during
the spinning process, rather than to direct surface het-
eronucleation. However, further work will be required
to elucidate the mechanism in detail.

Since the mechanical properties of a semicrystalline
polymer depend on the crystal structure and espe-
cially the degree of crystallinity, these effects need
to be taken into account when evaluating nanocom-
posite performance. Fig. 5 shows the composite fibre
tensile modulus as a function of nanofibre loading for
both the as-spun and heat-treated samples. As a refer-
ence, the composite moduli for injection-moulded and
heat-treated nanocomposites prepared from the same
masterbatches are included [6]. The solid line for the
injection-moulded samples is a linear fit to the experi-
mental data. The numerical labels refer to the degrees of
crystallinity as obtained from the DSC measurements.
As can be seen, both sets of fibres show an enhanced
initial increase in modulus with the addition of 5 wt%
nanofibres compared to the injection-moulded samples.
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Figure 5 Young’s modulus of as-spun and heat-treated PEEK composite
fibres as a function of nanofibre weight fraction. Data for injection-
moulded PEEK nanocomposites from [6] is included for comparison.
The data labels refer to the degree of crystallinity as determined from
DSC measurements. The solid lines are included as visual aids and the
dashed lines lie parallel to the linear increase in composite modulus
observed for the injection-moulded samples.

This enhancement is associated with the extra crys-
tallinity resulting from the presence of the nanofibres.
Further addition of nanofibres to the polymer fibres
does not alter the crystallinity, but leads to an increase
in modulus which matches the increase observed for
the injection-moulded samples.

Taking into account the variations in crystallinity
of these nanocomposites, the further improvement
in mechanical performance of these systems can be
straightforwardly ascribed to conventional reinforce-
ment effects of the carbon nanofibres. Following
Krenchel’s expression for short carbon fibre compos-
ites (Equation 1) [23], where Ef and Em are the fibre
and matrix moduli, and η0 and η1 are efficiency fac-
tors relating to the orientation and length of the fibres,
respectively:

E = η0η1Vf Ef + (1 − Vf)Em (1)

and averaging over all nanocomposite samples, the ef-
fective nanofibre modulus η0η1 Ef is about 22 GPa. This
effective modulus is lower than the value of about 100
GPa that can be estimated from the work by Kumar
et al. for carbon-nanofibre-reinforced polypropylene
fibres [8]. However, it has been established that the
carbon nanofibres act as polymer nucleation sites in
polypropylene [3]. Such a change in morphology of
oriented polypropylene [13], which was not taken into
account in reference [8], might explain the higher ef-
fective nanofibre modulus observed.

Considering the degree of alignment observed in our
study and taking an estimate for the effective aspect
ratio of the carbon nanofibres, short-fibre theory pre-
dicts an intrinsic nanofibre modulus of around 100 GPa.
The low intrinsic modulus of the vapour-grown carbon
nanofibres can be attributed to their defective graphitic
structure in the outer part of the walls.

Although it can be argued that, here, the nanofibres
have only improved laboratory-spun PEEK fibres and
that the intrinsic properties of the polymer could be

improved by suitable drawing and thermal treatments,
this study shows that the resulting nanocomposite char-
acteristics arise from the combination of the matrix
and nanofiller properties. Hence, even with improved
matrix crystallinity and alignment, the introduction of
nanofibres would be expected to yield additional in-
creases in stiffness and strength. Note that commercial
PEEK fibres have a stiffness around 6 GPa [24], which
is significantly less than the effective modulus of the
nanofibres observed in these experiments and substan-
tially less than the likely effective modulus of high-
crystallinity nanotubes. In addition, the presence of the
nanofibres increases the melt-strength of the polymer
[25] and hence allows the spinning of finer PEEK fila-
ments which are a current focus of interest.

4. Conclusion
This study has shown that vapour-grown carbon nanofi-
bres can be used as a nanoscale reinforcement for deli-
cate polymer structures such as fibres. Twin-screw ex-
trusion of a semicrystalline poly(ether ether ketone)
matrix and carbon nanofibres led to masterbatches that
were subsequently processed into nanocomposite fi-
bres. The addition of nanofibre weight fractions up
to 10 wt% was not detrimental to either the ease of
processing or to the fibre surface finish. The polymer
nanocomposite fibres exhibited a homogeneous disper-
sion and excellent alignment of the nanoscale reinforce-
ment. The addition of carbon nanofibres was shown
clearly to increase mechanical properties such as mod-
ulus, yield stress and fracture strength. Furthermore,
changes in the degree of matrix crystallinity due to
the nucleating properties of the nanoscale reinforce-
ment were revealed by DSC and X-ray analysis. The
improvements in the mechanical properties of the
nanocomposite fibres were attributed to a combina-
tion of the increase in crystallinity and the reinforcing
effects of the filler. This study highlights the need to
characterise matrix morphology prior to evaluation of
nanocomposite or nanoreinforcement performance.
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