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New poly(ether ether ketone) (PEEK) based composites have been fabricated by the incorpo-
ration of single-walled carbon nanotubes (SWCNTSs) using melt processing. Their structure,
morphology, thermal and mechanical properties have been investigated. Scanning electron
microscopy observations demonstrated a more uniform distribution of the CNTs for sam-
ples prepared following a processing route based on polymer ball milling and CNT disper-
sion in ethanol media. Thermogravimetric analysis indicated a remarkable improvement in
the thermal stability of the matrix by the incorporation of SWCNTs. Differential scanning
calorimetry showed a decrease in the crystallization temperature with increasing SWCNT
content, whilst no significant changes were observed in the melting of the composites. The
crystallite size determined by X-ray diffraction decreased at high SWCNT loading, which is
attributed to the spatial limitations on crystal growth by confinement within the CNT net-
work. Dynamic mechanical analysis revealed an increase in the storage moduli, hence in
the rigidity of the systems, with increasing SWCNT content. Their addition shifts the glass
transition peak to higher temperatures due to the restriction in chain mobility imposed by
the CNTs. Higher thermal stability and mechanical strength were found for composites
with improved dispersion of the SWCNTs.

© 2009 Elsevier Ltd. All rights reserved.

ique mechanical properties [5,6], which combined with their
high aspect ratio and nanoscale dimensions makes them

1. Introduction

Over recent years composite materials, especially those
involving carbon structures as reinforcement inside a poly-
mer matrix, have become the focus of considerable research
[1,2]. In particular, the exceptional properties reported for car-
bon nanotubes [3,4] (CNTs) have motivated the development
of new nanotube-based composites. In addition to their un-

* Corresponding author: Fax: +34 915 644 853.
E-mail address: adiez@ictp.csic.es (A.M. Diez-Pascual).

excellent candidates for composite reinforcement, they also
possess superior thermal and electrical properties [7]. There-
fore, polymer-nanotube composites are expected to have
many potential applications in several fields: the addition of
CNTs could improve thermal transport properties of the poly-
mer, being useful as connectors, thermal interface materials

0008-6223/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
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and heat sinks. Alignment of CNTs under a magnetic field
leads to an increase in the electric conductivity, so they can
be applied in electronic packaging, self-regulating heaters
and PTC resistors [8]. Furthermore, incorporation of CNTs into
a polymer matrix can provide structural materials with dra-
matically increased modulus and strength [9]. This behaviour
combined with their low density makes them suitable for the
transport industry, especially for aerospace structures, where
the reduction of weight is one of the main goals in order to re-
duce fuel consumption. Nowadays the use of polymer com-
posites in the aeronautic industry is mostly associated with
secondary parts of the aircraft. Nevertheless, they are starting
to be used in structural components, such as wing panels,
horizontal and vertical stabilizers and some elements of the
fuselage, in order to minimize fuel and manufacturing costs.
For this purpose, materials easily processed by continuous
methods should be employed; poly(ether ether ketone) (PEEK)
carbon nanotube reinforced composites seem to be highly
suitable candidates, due to the thermal environment and
mechanical requirements of those parts.

PEEK is a semi-crystalline thermoplastic polymer with
excellent thermal and chemical stability [10], currently used
in a wide range of applications [11], especially for the automo-
bile and aerospace industries. Since its commercialization in
1981, many studies have been reported on the structural [12],
thermal [13] and mechanical [14] characterization of this
high-performance thermoplastic material. In the literature
there are many reports related to the integration of SWCNTSs
into polymer matrices [15,16], but only a few papers deal with
such composites with a PEEK matrix; the most relevant being
those published by Shaffer and co-workers [17,18], working
with carbon nanofibres/PEEK composites and by Baaba et al.
[19], dealing with multi-walled nanotubes functionalized with
sulfonated PEEK.

This study approaches two main objectives: firstly, the
development of strategies to efficiently incorporate SWCNTs
into the PEEK matrix; uniform CNT dispersion and improved
nanotube/matrix interface adhesion are critical issues in the
processing of these composites in order to achieve efficient
reinforcement. Secondly, the characterization of the PEEK
composites. A complete characterization at nano(micro)-
scopic and macroscopic scales is fundamental to obtain infor-
mation on the structural and functional changes induced in
the polymer with the addition of SWCNTs. The influence of
the preparation and processing conditions, as well as SWCNT
concentration on the morphology, thermal and dynamic
mechanical properties of the resulting composite materials
is analyzed in detail in this work.

2. Experimental

2.1. Materials

The matrix used was a commercially available semi-crystal-
line poly(ether ether ketone), PEEK 150P, supplied by Victrex
ple, UK (My ~ 40,000 g/mol, Tg=147°C, Ty =345°C). This
low viscosity grade is the most suitable for potential aircraft
applications. The polymer, provided as a coarse powder, was
vacuum dried at 120 °C for 4 h, and stored in a dry environ-
ment before blending. Arc-grown SWCNTs were synthesized
by the Institute of Carbon Chemistry (ICB-CSIC), Zaragoza,
Spain, using Ni/Y ~2/0.5 atomic ratio as catalyst according
to the procedure reported elsewhere [20]. In order to decrease
the metal catalyst content (~13 wt% Ni, Y) and to remove
amorphous carbon particles, these arc-grown SWCNTs were
treated in a reflux of HNO; 1.5 M, at 150 °C for 2 h, and then
centrifuged at 10,000 rpm for 4 h. This process reduced their
metal content by approximately 75%, which demonstrates
the effectiveness of the purification step. During the treat-
ment, oxygenated groups are formed, which increase the
reactivity of the CNTs, and therefore improve their ability to
anchor to the polymer matrix. Laser-grown SWCNTs were
prepared by the Steacie Institute for Molecular Sciences
(SIMS-NRC), Canada. The residual catalyst (Ni, Co) was lower
than 4 wt%, and they were used without further purification.
Before proceeding to the fabrication of the composites, arc
and laser SWCNTs were characterized by SEM, NIR, FT-Raman
spectroscopy and TGA; these results are detailed in another
section.

2.2.  Preparation of PEEK/SWCNT composites

To verify the potential improvement in the CNT dispersion
caused by a pre-processing step based on mechanical treat-
ments in alcohol media, and its possible influence on the
properties of the composites, we have prepared PEEK/SWCNT
systems following two different procedures. As received raw
arc-grown and laser-grown SWCNTs (named ZC1 and LC1,
see nomenclature in Table 1) were directly mixed with dried
PEEK powder. Purified arc-grown and laser-grown SWCNTs
(named ZC1p and LC1m, respectively) were integrated in the
matrix as follows: firstly, PEEK polymer was ground with a ball
mill in order to reduce its particle size. Secondly, the polymer
was mixed with different amounts of CNTs. Each mixture
PEEK/SWCNT was then dispersed in 30 mL of ethanol and
sonicated in an ultrasonic bath for 30 min. Subsequently,
the dispersion was partially dried under vacuum (70 mbar)

Table 1 — Characteristics and codes of the SWCNTs used for the preparation of the composites.

Preparation method Metal (%) (TGA) Tmr (°C) (TGA)

G/D ratio (Raman)

Purity (%) (NIR) D (nm) SEM Sample code

Arc (as-grown) 12.7 459
Arc (HNO; treated) 3.2 541
Laser (as-grown) 3.9 493

5.6 35.7 21.8 ZC1
14.3 50.4 20.4 ZClp
7.2 38.8 39.8 LC1 and LC1lm

Tmr corresponds to the temperature of maximum rate of weight loss under air atmosphere, and D to the average bundle diameter obtained by

SEM micrographs.

ZC1p and LC1m SWCNTSs were integrated in the matrix following a pre-processing step based on ball milling and premixing under mechanical

treatments in ethanol (see explanation in the text).
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at 50 °C for 5 min, sonicated for another 30 min, and heated
until the ethanol was completely eliminated.

All types of PEEK/SWCNT composites studied in this work,
containing concentrations of 0.1, 0.5 and 1wt% SWCNTs,
were prepared by melt-blending in a Thermo-Haake MiniLab
micro-extruder, at 380 °C, using 5 g of total material, with a
rotor speed of 150 rpm. Mixing times of 20 min were applied,
selected as standard conditions according to preliminary
tests. Homogeneous films were prepared in a Collin press at
380 °C under 130 bar and cooled between aluminium plates
at 15 °C. Samples were annealed for 3 h at 200 °C to increase
their crystallinities.

2.3. FT-Raman spectroscopy

The FT-Raman Spectra of the SWCNTs were performed with a
Perkin-Elmer System 2000R, using a Nd:YAG laser excitation
source (1064 nm), and an InGaAs detector operating at room
temperature. To improve the signal-to-noise ratios, spectra
were recorded with an incident laser power of 25 mW and res-

olution of 4cm™2.

2.4. Near infrared spectroscopy

A Perkin-Elmer Lambda 900 UV-VIS-NIR spectrophotometer
was used to obtain NIR spectra of the SWCNTs, in the wave-
number range between 6000 and 14,000 cm™t. The SWCNTs
were homogenized and dispersed in DMF by use of an
ultrasonic bath. The solution was diluted until a final concen-
tration of approximately 0.01 mg/mL was reached. The sam-
ples were sonicated just before the spectral measurement in
order to assure high quality dispersion.

2.5. Thermogravimetric analysis

The thermal stability of the SWCNTs and the composites was
analyzed by thermogravimetric analysis (TGA). The measure-
ments were carried out using a TA-Q500 thermobalance, at
heating rate of 10 °C/min, under nitrogen and dry air atmo-
spheres. The analysis was performed on samples with an
average mass of 10 mg, under dynamic conditions, from room
temperature to 900 °C, with a gas purge of 150 mL/min. Before
the measurements, treated SWCNTs were dried overnight at
100 °C to assure total evaporation of the solvent.

2.6. Differential scanning calorimetry

The crystallization and melting behaviour of the composites
were investigated by DSC using a Mettler TA 400/DSC 30 dif-
ferential scanning calorimeter, operating under nitrogen flow.
Samples of approximately 10 mg were weighed and sealed in
aluminium sample pans. Before the heating and cooling
scans, composites were melted at 380 °C and maintained at
this temperature for 5 min in order to erase the thermal his-
tory of the material. Subsequently they were cooled from
380 to 30 °C at a rate of 10 °C/min, and then heated from 30
to 380 °C at 10 °C/min.

The transition temperatures were taken as the peak max-
imum or minimum in the calorimetric curves. The levels of

crystallinity of PEEK composites were determined using the
following  relation: (1 - 4),, = AHm peex/(AH}, prex X Weeek),
where AHp, pepx is the apparent melting enthalpy of PEEK,
wpeek 1S the weight fraction of PEEK in the composites and
AH;, prex is the extrapolated value of the enthalpy correspond-
ing to the melting of a 100% crystalline sample, taken as
130J/g [21].

2.7.  X-ray diffraction

Measurements were performed in a D8 Advanced Bruker
Instrument, equipped with a G&bel mirror and a Vantec PSD
detector, with a voltage of 40 kV and an intensity of 40 mA,
using Cu Ko (4=0.15418 nm) radiation, with an aperture of
0.6 mm. Diffractograms were registered on films or powder,
in the angular region of 20 = 5-40°, at room temperature, with
a scan speed of 0.2 s and angular increment of 0.02°.

2.8.  Scanning electron microscopy

SEM measurements were performed with a Philips XL 30
ESEM microscope using a voltage of 25kV and an intensity
of 9x 1077 A. In order to avoid charging during electron irradi-
ation, the composite film samples were fractured in liquid
nitrogen and covered with an approximately 5 nm overlayer
of an Au-Pd (80-20) alloy in Balzers SDC 004 evaporator, using
a covering time of 242 s at 20 mA. At least 10 SEM images of
each composite sample were taken at different magnifica-
tions to assess the state of dispersion of the CNTs in the PEEK
matrix.

2.9.  Dynamic mechanical analysis

The dynamic mechanical performance of the composites was
studied using a Mettler DMA 861 dynamic mechanical ana-
lyzer. Rectangular shaped samples of ~19.5x4 x0.5 mm?
were mounted in a large tension clamp. The measurements
were performed in the tensile mode at frequencies of 0.1, 1
and 10Hz, in the temperature range between —130 and
260 °C, at heating rate of 2°C/min. A dynamic force of 6 N
was used oscillating at fixed frequency and amplitude of
30 um.

3. Results and discussion
3.1.  Characterization of the single-walled carbon
nanotubes

A complete characterization of all SWCNTs used was per-
formed before the preparation of the composites; these re-
sults are summarized in Table 1.

The FT-Raman spectra of the SWCNTSs were recorded in or-
der to analyze their most characteristic bands. As an exam-
ple, Fig. 1 presents the spectra of purified arc-grown
SWCNTs, where four main bands can be observed [22]: the
tangential G band, whose profile reveals the semiconductor
character, the disorder induced D band, G’ band (D overtone)
and the radial breathing modes. The relative purity repre-
sented by the G/D intensity ratio [23] is listed in Table 1.
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Fig. 1 - FT-Raman spectra of arc-grown SWCNTs (ZC1p), with a laser output of 25 mW and resolution of 4cm™".

1

The quality of the nanotubes was analyzed by NIR spec-
troscopy, following the method described by Itkis et al. [24].
NIR spectra of laser SWCNTs dispersed in DMF is shown in
Fig. 2. The S;; peak for arc-produced SWCNTs is typically lo-
cated between 5000 and 7000 cm™" [25]; the high-energy edge
of this absorption peak is just visible in the spectrum. The Sj,
transition of semiconducting SWCNTs can be clearly ob-
served. The ratio between the S, peak area after baseline cor-
rection and the S,, total area indicates the purity of the
material; calculated values are included in Table 1. As ex-
pected, purified arc-grown SWCNTs show higher purity than
raw ones; this evidences again the effectiveness of the purifi-
cation step.

SEM images of arc-grown SWCNTs (not shown) revealed a
high degree of agglomeration, with an average bundle diame-
ter of 21.8 nm (see Table 1). Residual impurities could be ob-
served in the micrographs, which were effectively removed
after the purification process. Laser SWCNTs also appeared
quite agglomerated, with average bundle diameter of
39.8 nm. However, taking into account the non-homogeneous

0.35

0.304

0.254

Absorbance units

0.20

0.15

T - T T
8000 10000 12000

Wavenumber (cm™)

T
6000 14000

Fig. 2 — NIR spectra of laser-grown SWCNTs (LC1) dispersed
in DMF, with a concentration of approximately 0.01 mg/mL.

size distribution of the diameters revealed by the micro-
graphs and the detection limit of the technique (about
20 nm), these should be considered only as approximated
values.

In order to analyze the thermal behaviour of the SWCNTs
and to determine their metallic residue, TGA under dry air
conditions was carried out. All thermograms present only
one decomposition step, with a small amount of residue left
due to the catalyst used in the synthesis. It is well known that
CNTs exhibit very high thermal stability [26]; however, tem-
peratures for the maximum rate of oxidation can vary by up
to £100 °C depending on sample preparation, treatment as
well as the metallic content that catalyzed the thermal oxida-
tion. Our results revealed temperatures of maximum weight
loss ranging between 459 °C, for raw arc-grown SWCNTSs,
and 541°C, for purified arc-grown SWCNTs (see Table 1).
According to literature [27], other forms of disordered carbon
present significantly lower temperatures of maximum degra-
dation than CNTs; this could explain the fact that purified
SWCNTSs decompose at temperatures ~80 °C higher than as
prepared SWCNTs. TGA experiments were also performed
in a N, atmosphere, where the SWCNT degradation initiates
at temperatures well above 600 °C. Under inert conditions
they are thermally more stable than in an oxidative environ-
ment, in agreement with TGA studies performed by other
authors [28].

3.2.  Carbon nanotube dispersion in the composites

To achieve a good dispersion of the SWCNTs in the polymer
matrix is the key to fabricate composites with enhanced ther-
mal and mechanical properties. This is commonly a difficult
task, because carbon nanotubes have strong tendency to
gather and form bundles [29].

In order to assess the state of dispersion and morphology
of the fabricated composites, the surfaces of cryofractured
films were examined by SEM. Fig. 3 shows typical micro-
graphs of different PEEK/SWCNT systems. Fig. 3a and b com-
pares a composite prepared by direct integration (PEEK/ZC1
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Fig. 3 - SEM micrographs from fractured surfaces of different types of PEEK/SWCNT composites metallised with a ~5 nm Au/
Pd overlayer. Top panel: comparison between PEEK/ZC1 0.5 wt% (a) and PEEK/ZC1p 0.5 wt% (b). Bottom panel: comparison
between PEEK/LC1 1.0 wt% (c) and PEEK/LC1m 1.0 wt% (d). (a) and (c) correspond to composites prepared by direct mixing,
whereas composites shown in (b) and (d) were prepared following a pre-processing based on mechanical treatments in
ethanol (see explanation in the text). The dashed arrows point out randomly distributed nanotube bundles in the matrix.

0.5 wt%, Fig. 3a), with another obtained following the proce-
dure of dispersion in ethanol (PEEK/ZClp 0.5 wt%, Fig. 3b).
The CNTs, which appear as bright spots (see the arrows
marked on the images), seem to be homogeneously dispersed
within the PEEK matrix in both types of composites. However,
the size of the domains of raw arc-grown SWCNTs is rela-
tively larger, and consequently they are easier to visualize.
According to the images, a bundle of ZC1 has approximately
twice the diameter of a bundle of ZC1p, meaning that purified
SWCNTs are more disentangled and better integrated in the
matrix. Samples including both types of SWCNTs show a
good interfacial adhesion between the filler and matrix
phases, as no open ring holes are found around the
nanotubes.

Fig. 3c and d compares composites with 1 wt% laser-grown
SWCNTs which only differ in the preparation method. As it
can be clearly observed, the SWCNTs are quite agglomerated
in the sample prepared by direct mixing (PEEK/LC1, Fig. 3c),
and tend to concentrate in certain regions of the matrix,
forming a highly entangled interconnected structure. How-
ever, the sample fabricated with the aid of mechanical pre-
treatments (PEEK/LC1m, Fig. 3d) shows an improved disper-
sion of the SWCNTSs. The size of the domains in the dispersed
phase is considerably smaller and CNTs are randomly distrib-
uted through the whole matrix. Notice also that the observed
bundle diameters for SWCNTs dispersed in ethanol are con-
sistent (within the experimental error) with the values ob-

tained from SEM images of the SWCNTs alone. This
indicates that most SWCNTs were separated into smaller
bundles by the disentanglement process in ultrasonic bath,
and confirms the efficiency of these mechanochemical pre-
treatments.

3.3.  Thermal stability

To study the thermal stability of the composites, TGA charac-
terization has been carried out under dry air and nitrogen
atmospheres. The degradation curves of pure PEEK and com-
posites containing 1 wt% SWCNTs are displayed in Fig. 4. It
can be observed that the decomposition under inert environ-
ment takes place in a single stage, which involves decarbox-
ylation, decarbonylation and dehydration processes, leading
to the formation of phenol groups, carbon dioxide and water
[30]. The ether and aromatic structures remain in the residue
up to very high temperatures [31]. At 700°C the residual
amount in all composites is approximately 46% of the initial
weight. Pure PEEK starts to degrade at 521 °C and shows the
maximum rate of weight loss (Tm,) at 558 °C. The incorpora-
tion of SWCNTs induces a remarkable thermal stabilization
of the matrix; thus, the addition of 1 wt% LC1m or ZClp in-
creases the initial degradation temperature (T;) up to 25°C
and delays Ty, by about 20 °C. However, if we focus on the
composites prepared by direct mixing, the increase in the
aforementioned temperatures is considerably lower. This
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Fig. 4 - TGA curves for different types of 1 wt% PEEK/SWCNT
composites in nitrogen atmosphere, at a heating rate of

10 °G/min. For comparative purposes, only the temperature
range between 500 and 650 °C is plotted.

observation reveals that a more uniform and fine dispersion
of the SWCNTs improves the interfacial adhesion between
the CNTs and the matrix and restricts the thermal motion
of the PEEK chains, thereby leading to composites thermally
more stable. Similar enhancements in the thermal stability
attributed to a more homogeneous distribution of the CNTs
have been reported for Nylon 6/MWCNT [32] and PU/MWCNT
[33] composites.

Apart from the preparation procedure, other factors seem
to affect the decomposition process. Samples including raw
arc-grown SWCNTs show the lowest degradation tempera-
tures. This is consistent with the results obtained from TGA
study of the SWCNTs, which points out that ZC1 is the first
to initiate decomposition, probably due to its higher content
in metal impurities that catalyze the degradation process.
However, small differences are found between Ty, of compos-

Table 2 - Characteristic temperatures of the PEEK/SWCNT

composites obtained from TGA measurements under
nitrogen atmosphere at heating rate of 10 °C/min.

Mat. (% SWCNTSs) T; (°C) T1o (°C) Tonr (°C)
PEEK 521 544 558
PEEK/LC1m (0.1) 542 557 565
PEEK/LG1m (0.5) 544 563 573
PEEK/LC1m (1.0) 546 568 577
PEEK/LC1 (0.1) 523 547 559
PEEK/LC1 (0.5) 525 549 561
PEEK/LC1 (1.0) 526 551 564
PEEK/ZC1p (0.1) 536 550 564
PEEK/ZC1p (0.5) 540 558 574
PEEK/ZC1p (1.0) 543 564 578
PEEK/ZC1 (0.5) 520 545 560
PEEK/ZC1 (1.0) 521 547 562

The displayed temperatures are: T;: initial degradation temperature
obtained at 2% weight loss; Tqo: temperature for 10% weight loss;
Tmr: temperature of maximum rate of weight loss.

ites prepared with purified arc-grown and laser-grown
SWCNTs, which seems reasonable taking into account their
similar content in metal catalysts (see Table 1).

The effect of SWCNT content on the thermal behaviour of
the composites can be disclosed from Table 2, which presents
the characteristic temperatures for the PEEK/SWCNT sys-
tems. Samples with different SWCNT loading begin to lose
weight nearly at the same temperature, but the maximum
mass loss rate is usually delayed by a few degrees. Hence, if
we focus on the PEEK/LCIm system, by incorporating 0.1,
0.5 and 1wt% SWCNTSs, Tm, increases by 7, 15 and 19 °C,
respectively. This suggests that an increase in the SWCNT
content enhances the thermal stability of the composite.
Analogous behaviour has been reported in the literature for
various polymer/CNT composites [34,35]. The observed stabil-
ization may be attributed to the barrier effect of CNTs, which
hinders the diffusion of the degradation products from the
bulk of the polymer to the gas phase. Another plausible expla-
nation could be the higher thermal conductivity of the com-
posite that facilitates heat dissipation within the sample.

The behaviour mentioned above does not significantly dif-
fer from that found under dry air atmosphere (data not
shown). The incorporation of a very small amount of uni-
formly and well-dispersed SWCNTs also stabilises the com-
posite in an oxidative environment, raising the matrix T; by
an average of 10°C; the stabilizing effect also affects Ty,
which increases progressively as SWCNT loading rises.

3.4.  Crystallization behaviour

DSC was employed to evaluate the effect of SWCNTs on the
crystallization and melting behaviour of different types of
PEEK/SWCNT composites. Fig. 5 shows, as an example, the
crystallization exotherms and heating endotherms for films
of PEEK and PEEK/LC1m with different SWCNT content. In
Fig. 5a it can be observed that the crystallization temperature
T., obtained from the minimum of the exothermic peak, is
about 309 °C for pure PEEK. The incorporation of 0.1-1 wt%
SWCNTs leads to a progressive shift of the crystallization
peak towards lower temperatures (Tc.o1wts% =307.5°C, T..
05wt = 305.1°C, Tc.1 wey, = 303.3 °C). However, the apparent
crystallization enthalpy AH. calculated as the normalized
integral of the crystallization peak, and therefore the crystal-
linity remain almost unchanged. These observations are
intriguing since nanotubes usually act as nucleating agents
[36,37] that increase the crystallization rate, because the
nucleation starts simultaneously in multiple centers; there-
fore one expects a similar if not higher T, for the composites.
This unusual behaviour can be explained by a confinement
effect [38]: the CNT network imposes a confinement on poly-
mer chain diffusion and crystal growth which slows down the
overall crystallization process, leading to lower values of T,
for the composites. Nevertheless, our results are consistent
with the behaviour described by Shaffer and co-workers [18]
on DSC analysis of carbon-nanofibre/PEEK composites. A
small T. decrease was observed for samples with nanofibre
loading up to 5 wt%, and this effect was attributed to interac-
tions between the matrix and the nanoscale filler occurring
during the crystallization process. Furthermore, in other sys-
tems such as PPS/IF-WS, composites, the cystallization of the
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Fig. 5 — Non-isothermal DSC scans of PEEK/LC1m composites at rates of 10 °C/min, for samples with different SWCNT content.
(a) Crystallization thermograms. (b) Heating thermograms. The arrow indicates the glass transition of the polymer matrix in

the composite.

matrix was found dependent on the IF-WS, concentration,
but in ways unexpected for polymer blends. A drastic change
from retardation to promotion of PPS crystallization was ob-
served depending on the nanoparticle content, which was re-
lated to the change in the fold surface free energy [39].

In the case of the melting process, the DSC heating curves
in Fig. 5b show an endothermic peak for pure PEEK at 344.2 °C,
which corresponds to the melting temperature Ty, and a
small variation of the specific heat associated to the glass
transition at about 150°C (this temperature is more accu-
rately determined from DMA measurements). The addition
of SWCNTs does not significantly change Ty, or the apparent

melting enthalpy AH,, in agreement with the observations re-
ported from heating thermograms of carbon-nanofibre/PEEK
composites [18].

The aforementioned behaviour has been systematically
found within all PEEK/SWCNT systems, as it can be observed
in Table 3, which presents experimental DSC data and the de-
gree of crystallinity of all composites prepared. A close anal-
ysis of this table reveals that T, is not significantly affected
by the type of SWCNT. Regarding the influence of the compos-
ite fabrication procedure, it is confirmed that samples with
improved degree of dispersion of the SWCNTs in the matrix
present slightly higher T. than those obtained by direct
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Table 3 - DSC crystallization and melting data of PEEK/SWCNT composites.

Mat. (% SWCNTSs) T. (°C) AH, (j/g) (1 — ) (%) T (°C) AHy, (i/g) (1= 2 (%)
PEEK 309.1 55.3 42.5 344.2 58.2 44.8
PEEK/LC1m (0.1) 307.5 57.8 44.5 343.5 58.5 45.0
PEEK/LC1m (0.5) 305.1 56.5 43.7 343.1 57.3 44.3
PEEK/LC1m (1.0) 303.3 54.4 42.3 342.6 55.7 43.2
PEEK/LC1 (0.1) 307.7 56.4 43.4 343.4 58.3 44.9
PEEK/LC1 (0.5) 305.8 55.6 429 343.0 58.0 448
PEEK/LC1 (1.0) 304.9 53.9 41.8 342.8 55.8 43.3
PEEK/ZC1p (0.1) 308.1 58.2 44.8 343.9 58.6 45.0
PEEK/ZC1p (0.5) 306.6 57.0 441 343.2 57.5 44.4
PEEK/ZC1p (1.0) 304.3 54.6 42.3 342.6 56.6 44.0
PEEK/ZC1 (0.5) 304.0 56.4 43.6 343.9 58.5 45.2
PEEK/ZC1 (1.0) 303.1 53.2 41.3 342.3 55.4 43.0

The displayed data are: T.: crystallization temperature; AH.: apparent crystallization enthalpy; Tr,: melting temperature; AHy,: apparent
melting enthalpy; (1 — 7). and (1 — A)m,: crystallization and melting crystallinities derived from the peak areas.

mixing; in the latter the existence of small agglomerates
makes the indicated confinement effect more significant
and therefore crystallization occurs at lower temperatures.

In general, differences between the levels of crystallinity of
the composites are quite small, lower than 5%. Moreover, over
the whole composition range, crystallinity values obtained
from the melting curves are slightly higher than those derived
from the cooling thermograms. This fact may be due to a
recrystallization from defective to more perfect crystals
which takes place during the heating.

3.5.  Crystalline structure

The crystalline structure of PEEK/SWCNT composites was
also characterized using wide angle X-ray diffraction. Four
main peaks can be observed at 20 values of 18.8°, 20.7°, 22.9°
and 28.9°, which correspond to the diffraction of the (110),
(111), (200) and (211) crystalline planes [40], respectively,
of the orthorhombic unit cell. All composites exhibit similar
diffractogram to the PEEK matrix, differing mainly in the
width and intensity of the peaks. No shift in the position of
the Bragg reflections is observed. As the SWCNT content in-
creases, peaks became wider and with decreased intensity.
Composites prepared by dispersion in ethanol show narrower
peaks than those obtained by direct mixing.

The crystallite size perpendicular to the diffraction (11 0)
plane, D0, obtained from the room temperature diffracto-
grams using the Scherrer expression [41], increases with the
addition of SWCNTs until a concentration of 0.1wt% is
reached and then slightly decreases. This behaviour can be
explained based on the aforementioned confinement effect
and the T. decrease observed from DSC thermograms. The
incorporation of very low SWCNT content slightly reduces
the crystallization rate of PEEK, leading to the formation of
smaller crystals than those of the polymer in the vicinity of
T.. Since the confinement effect is almost insignificant at
these concentrations, during the cooling process PEEK crys-
tals grow considerably, resulting in larger room temperature
Dj0 values than the calculated for the pure matrix. On con-
trast, at higher SWCNT loading, the reduction in the crystalli-

zation rate is stronger and on cooling the dense nanotube
network imposes a remarkable confinement on crystal
growth; therefore, at room temperature samples with high
SWCNT concentration present lower crystal size than the ma-
trix. However, to fully confirm this hypothesis, an in-depth
understanding of the crystallization processes is required,
which is out of the scope of this paper. Regarding to the influ-
ence of SWCNT type, it is found that samples containing puri-
fied SWCNTs present the highest Djjo values. Thus, the
integration of 0.1 wt% ZClp increases the crystallite size of
the matrix (20.9 nm) by nearly 10%. Moreover, the decrease
of the matrix particle size and the procedure of dispersion
in ethanol also lead to larger crystals.

3.6. Dynamic mechanical properties

The influence of SWCNT content on the mechanical proper-
ties of the composites has been explored by DMA. Fig. 6
shows, as an example, the temperature dependence of the
storage modulus (E’) and loss modulus (E”) of PEEK and
PEEK/LC1m composites, for different SWCNT loading, at the
frequency of 1 Hz. Similar dynamic mechanical spectra were
recorded for the different samples. The storage modulus of
pure PEEK decreases slowly and progressively with increasing
temperature, showing a very strong decay (higher than 85%)
in the temperature range between 138 and 170 °C, which cor-
relates with the glass transition of the polymer, according to
DSC experiments (see Fig. 5b). The loss modulus exhibits a
low broad peak around -95 °C and an intense sharp peak at
148.3 °C. The first maximum is generally attributed to the f
relaxation [14], associated with local motions of the ketone
groups, whereas the second is the o relaxation [42], consid-
ered to be the glass transition of the material.

In most of the temperature range, the incorporation of
increasing contents of SWCNTSs induces a progressive rise in
the storage modulus of the matrix. Thus, at room tempera-
ture, composites containing 0.1, 0.5 and 1 wt% SWCNTs in-
creased E' by approximately 16, 23 and 27%, respectively.
The observed enhancement in the mechanical response is
attributed to the effective load transfer from the matrix to
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Fig. 6 - (a) Temperature dependence of the storage modulus E’' and loss modulus E” of PEEK/LC1m composites, for different
SWCNT content, obtained from DMA measurements at the frequency of 1 Hz. (b) Storage moduli difference between the

composites and the pure PEEK as a function of temperature.

the fillers likely resulting from an improvement in the
SWCNT dispersion. Analogous behaviour of mechanical
enhancement has been reported in the literature for different
polymer/SWCNT composites [33,43]. Our experimental data
reveal a non-linear growth of E’ with SWCNT content, the in-
crease being more pronounced at low concentrations. These
results are not consistent with the predictions of contin-
uum-based volume additivity models [44]. E’ of samples with
0.1 wt% SWCNTs exceeded the theoretical calculations,
whereas those of the other compositions were lower than ex-
pected. At very low concentrations, the nanotubes are well
dispersed and therefore E’ increases rapidly with SWCNT
content. However, when the concentration becomes suffi-
ciently large, the nanotubes interact and form small aggre-
gates. CNT agglomeration reduces the aspect (length-to-
diameter) ratio and the modulus of the filler and limits the
interfacial area for stress transfer to the polymer matrix; this
is reflected in E’ values which fell appreciably below theoret-
ical predictions. The aforementioned results are in contrast to
the study of vapour-grown carbon nanofibres/PEEK compos-

ites [17] prepared by injection moulding, which revealed a lin-
ear increase in stiffness with increasing nanofibre loading.
This contradictory can be explained based on the large aspect
ratio, high mass density and low flexibility of carbon nanofi-
bres compared to CNTs [4] and on the processing routes em-
ployed for the transformation of the blends that play a key
role in the resulting properties of these materials.
Furthermore, the difference between the storage modulus
of the composite (Eqymposice) @0d the matrix (Epgy), plotted in
Fig. 6b, represents the contribution of the nanotubes to the
overall modulus; this contribution decreases with increasing
temperature, showing a substantial drop around T, and be-
comes negligible at higher temperatures. Hence, at —100 °C,
1wt% SWCNT loading contributes ~1.3 GPa to the storage
modulus, while this contribution is reduced to ~1GPa at
25°C and to ~0.04 GPa at 200 °C. Considering that SWCNT
modulus is not very sensitive to temperature [45], the ob-
served drop in the storage moduli difference suggests highly
temperature dependent nature of the load transfer efficiency
between the matrix and the reinforcement, hence of the
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Table 4 - Storage modulus E’' and loss modulus E” at 25 °C, and glass transition temperatures T for the different PEEK/

SWCNT composites obtained from dynamic mechanical analysis measurements at the frequency of 1 Hz.

Mat. (% SWCNTSs) E' (GPa) E" (MPa) T (°C) Mat. (% SWCNTSs) E’ (GPa) E" (MPa) T (°C)
PEEK 3.83 37.2 148.3 PEEK/LC1m (0.1) 4.43 33.1 149.9
PEEK/ZC1p (0.1) 4.20 34.6 151.0 PEEK/LC1m (0.5) 4.71 29.7 152.2
PEEK/ZC1p (0.5) 4.59 31.0 153.3 PEEK/LC1m (1.0) 4.86 25.9 154.0
PEEK/ZC1p (1.0) 4.63 29.5 155.1 PEEK/LC1 (0.1) 3.95 36.7 149.4
PEEK/ZC1 (0.5) 3.98 36.6 1502 PEEK/LC1 (0.5) 411 35.9 1518
PEEK/ZC1 (1.0) 4.05 36.1 152.6 PEEK/LC1 (1.0) 4.21 343 153.5

interfacial strength in these composites. This decrease in load
transfer ability as temperature rises can be partially attrib-
uted to changes in the PEEK structure and morphology result-
ing from the presence of SWCNTSs. A similar phenomenon for
load transfer ability was also observed in composites where
the reinforcing entities were spherical particles [46]. The dras-
tic jump of E . osie=Eppex i the vicinity of Ty was mainly
attributed to changes in Poisson’s ratio of the polymer as well
as to variations in the ratio of the modulus of the filler to that
of the matrix when going through the glass transition [47].

With regard to the loss modulus data for different compo-
sitions (Fig. 6a), it is evident that the introduction of SWCNTs
results in a reduction of E” magnitude at temperatures below
Tg; the decrease is steeper at extremely low concentrations
and gets smoother as the concentration becomes higher.
With an increase of SWCNT content, the p relaxation was
broadened, smoothed and shifted to higher temperatures;
this suggests that the presence of SWCNTs act as a barrier
for the local movements of the ketone groups. It can be ob-
served in the figure that the addition of SWCNTSs causes small
increases in Tg, hence in the stiffness of the systems. Since
the glass transition is associated with the mobility of chain
segments in the amorphous regions, a likely explanation is
that those segments in the vicinity of the nanotubes are less
mobile, because CNTSs restrict rotational motion within the
chains and therefore lead to a raise in Tg. Such effects have
been observed in other polymer systems with finely dispersed
materials [48].

We have observed that the influence of SWCNTs in the
DMA behaviour of the PEEK matrix is the same at other fre-
quencies, with an increase in the storage modulus and in
the temperature of the relaxation peaks as frequency is
shifted to higher values. For this reason our experimental re-
sults are only discussed at 1 Hz.

To study the influence of the processing route on the
mechanical response of the composites, the storage modulus
E’ and loss modulus E”, at 25 °C, as well as the glass transition
Tg of different 1 wt% PEEK/SWCNT composites were com-
pared at the frequency of 1Hz (see Table 4). As it was ex-
pected, composites prepared following the procedure of
dispersion in ethanol present higher E’ than those obtained
by direct mixing. Hence, the former composites increased
PEEK modulus between 21% and 27% (which corresponds to
the incorporation of ZClp and LC1m, respectively), whereas
for the other samples the increment was lower than 10%.
Chen and co-workers illustrated similar effects with
MWCNTs in Nylon 6, indicating that the interfacial interac-
tion was more effective in strengthening the material in com-

posites with uniformly dispersed CNTs [32]. Remarkable
differences were also found within their glass transition tem-
peratures; T, increase was more significant in samples with
improved SWCNT dispersion. This is consistent with SEM
observations: samples prepared by direct mixing are more
heterogeneous and CNTs tend to concentrate in certain re-
gions of the matrix, leaving the others with very low rein-
forcement content. In the latter areas the molecular
movements are only partially limited and therefore T, incre-
ment is lower than expected. However, when the SWCNT dis-
tribution is homogeneous, the restriction in mobility is
almost identical over the whole matrix and consequently T,
rise is higher.

Apart from the preparation procedure, the type of SWCNT
also seems to influence the storage modulus of the compos-
ites. Thus, for the different CNT loadings tested, it was found
that samples including laser-grown SWCNTs exhibit the high-
est E'. This is not surprising since the purity, quality, aspect
ratio and nature of impurities, hence the source of SWCNTs
are determining factors in the final properties of CNT based
composites. It has recently been shown that defects have det-
rimental effects on mechanical properties of SWCNTs [49].
The laser process produces CNTs of the highest quality (few
defects, high crystallinity) as compared to any other synthesis
methods known,; it also generates nanotubes with very large
aspect ratio (>10,000). Acid treatments, such as that used in
this work to purify the arc-grown SWCNTSs, are known to
shorten the CNTs and induce defects on their side walls. Thus
itis not striking that acid treated arc-grown based composites
have lower E’ than those including laser-grown SWCNTs. Fur-
ther experiments would be required to determine the exact
reason for the observed differences among the various sam-
ples. Our results do confirm the strong dependence of the
mechanical properties of the composites on the CNTs synthe-
sis method and post-treatments.

4, Conclusions

Different PEEK/SWCNT composites, at 0.1, 0.5 and 1wt%
SWCNT content, have been prepared by melt-blending. An
efficient dispersion of the CNTs in the matrix was achieved
by the combination of polymer ball milling and mechanical
pre-treatments in ethanol, as revealed by SEM micrographs
of fractured films. TGA thermograms show a substantial in-
crease in the matrix degradation temperatures by the incor-
poration of SWCNTs. Higher thermal stability is found for
samples with improved CNT dispersion. DSC experiments
indicate a decrease in the crystallization temperature with
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increasing SWCNT content, whereas the melting temperature
remains almost constant. This behaviour can be explained by
a confinement effect of the polymer chains within the CNT
network, which delays the crystallization process and leads
to lower values of T. for the composites. No significant differ-
ences are found within the level of crystallinity of these com-
posites calculated from DSC measurements. At room
temperature, samples containing 0.1 wt% SWCNTs exhibit
larger crystallite size than the raw matrix. At higher concen-
trations, the CNT network restricts the polymer chain diffu-
sion and hinders the formation of large-size crystals.
Furthermore, over the whole concentration range, composites
including purified SWCNTs present bigger crystals. DMA
studies reveal a non-linear growth in the storage modulus
of the matrix by the addition of increasing SWCNT contents.
This phenomenon can be attributed to weaker nanotube-ma-
trix interfacial interactions taking place when a larger con-
centration regime is reached. SWCNTs restrict molecular
mobility and consequently increase slightly the glass transi-
tion temperatures. The largest shift is found among compos-
ites with more homogeneous and fine distribution of the
CNTs, that also exhibit enhanced rigidity, in particular those
incorporating laser-grown SWCNTSs, probably due to the im-
proved quality and properties of this type of filler.
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