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a b s t r a c t

Poly(ether ketone) (PEK) was grafted onto few wall carbon nanotube (FWNT) using in-situ polymeri-
zation of 4-phenoxybenzoic acid (4-PBA) in poly(phosphoric acid) (PPA), and fibers were processed using
dry-jet wet-spinning. The PEK/FWNT weight ratio was in the range of 99/1 to 80/20. The fibers have been
characterized for their morphology, structure, mechanical properties, as well as electrical conductivity.
The toughness (work of rupture) of the PEK fibers, as measured from the area under the stressestrain
curves, was as high as 130 J/g and often exceeded the toughness of the toughest synthetic fibers such as
Kevlar� (w45 J/g) and Zylon� (w50 J/g) and approached values closer to that of spider silk (w170 J/g).
PEK and PEK-g-FWNT fibers exhibit good thermal stability with degradation onset of above 500 �C under
nitrogen environment, and possess high char yield (w50% for 5 wt% FWNT containing PEK fiber). PEK-g-
FWNT fibers can be processed that exhibit good dimensional stability up to 300 �C (coefficient of thermal
expansionw�1.2 � 10�5/�C) and the axial electrical conductivity was as high as 240 S/m at 20 wt% FWNT
loading.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Poly(ether ketone) (PEK) is a promising engineering polymer
with high thermal stability [1,2]. However, high melting tempera-
ture (close to its degradation temperature) and high melt viscosity
of PEK limits its processibility. In addition, the typical polymeriza-
tion route for PEK has not allowed for the production of high
molecular weight PEK, and this has also limited its use for high
performance applications [1,2]. Despite this limitation, PEK has
been studied for electrical, optical, and filtration applications [3e8].
Thin films processed from polyphosphoric acid (PPA) doped PEK
have been studied for their opto-electronic as well as anti-piezo-
electric effects [4,7,8]. Chemically modified PEKmembranes exhibit
both good selectivity and permeation flux for gases and liquids in
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ultra-filtration applications [3,5,6]. PEK hollow fibers have also
been processed to be used for gas filtration applications [9]. More
recently, poly(ether ether ketone) (PEEK)/carbon nanotube bulk
composites are also processed, showing improved thermal stability
and mechanical properties [3,10e14].

In this study, in-situ polymerization was used to graft PEK onto
few wall carbon nanotube (FWNT) [15e17]. Using this approach,
fibers with PEK/FWNT weight ratio in the range of 99/1 to 80/20,
have been processed. The resulting composite fibers were charac-
terized for their structure, mechanical and thermomechanical
properties, and electrical conductivity. These fibers exhibit excep-
tional toughness and good electrical conductivity, coupled with
good thermal stability e thermal degradation onset temperature of
above 500 �C.
2. Experimental

2.1. Materials

All reagents and solvents were purchased from SigmaeAldrich,
Co. and used as received, unless otherwise mentioned. The
monomer, 4-phenoxybenzoic acid (4-PBA), was purified by
recrystallization from toluene/heptanes to give shiny colorless
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Table 1
Feed ratios of monomer and FWNT, and solid contents for various PEK-g-FWNT
solutions.

FWNT content
(wt%)

Monomer þ FWNT
(g)

PPA
(g)

P2O5

(g)
Solid content
(wt%)

0 5.0 þ 0 50 12.5 7.3
1 4.95 þ 0.05 50 12.5 7.3
5 4.75 þ 0.25 50 12.5 7.3
10 4.50 þ 0.50 50 12.5 7.3
20 4.00 þ 1.00 50 12.5 7.3
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needles (m.p. 162e164 �C). Few wall carbon nanotube (FWNT,
XO437VA, 4 wt% catalytic impurity) were obtained from Unidym,
Inc. (Houston, TX) [18].

2.2. In-situ polymerization of 4-PBA in the presence of FWNT

For PEK and PEK-g-FWNT synthesis, a 250 mL flask equipped
with a high torque mechanical stirrer, nitrogen inlet and outlet, and
a solid-addition port was used. For 1% FWNT containing PEK-g-
FWNT, 4-PBA (4.95 g, 23.1 mmol), FWNT (0.05 g), P2O5 (25.0 g), and
poly(phosphoric acid) (PPA, 100 g; 83% P2O5 assay) were mixed
under dry nitrogen purge at 130 �C for 72 h. The resultant material
was named as PEK-g-1%FWNT. As the reaction progressed at the
polymerization temperature, the dope stuck to the stirring rod at
130 �C within 72 h and could not be efficiently mixed further. The
same procedure was used to synthesize the PEK-g-FWNT with
other FWNT concentrations (5, 10 and 20 wt%). The different solid
content and feed ratios are listed in Table 1. The representative
procedure of “direct” Friedel-Crafts acylation reaction in a mild
reaction medium of PPA with additional phosphorous pentoxide
(P2O5) has been described elsewhere [15]. Table 2 lists the calcu-
lated total number of grafting sites and degree of polymerization
for PEK grafted onto FWNT. The assumptions for detailed calcula-
tion have been reported elsewhere [15e17,19]. The calculation
procedure is as follows.

PBA in productðwt%Þ ¼
4� PBA in feedðwt%Þ � 196:2ðFW C13H8O2Þ

214:2ðFW C13H10O3Þ
ð1Þ

FWNT in productðwt%Þ ¼ 1� PBA in productðwt%Þ (2)

FWNTðmolÞ ¼ FWNT in productðwt%Þ
12:01

(3)

PEKðmolÞ ¼ PEK in productðwt%Þ
196:2

(4)

Assuming that there are 2.35 arylcarbonylation sites for every 100
carbons of the FWNT [19],
Table 2
Calculated total number of grafting sites, degree of polymerization, and molecular weigh

FWNT in feed
(wt%)

4-PBA in feed
(wt%)

PEK in product
(wt%)

FWNT in product
(wt%)

0 100 100.0 0.0
1 99 98.9 1.1
5 95 94.6 5.4
10 90 89.2 10.8
20 80 78.6 21.4
grafting siteðmolÞ ¼ FWNTðmolÞ � 0:0235 (5)

PEK DP
chain

¼ PEKðmolÞ
grafting siteðmolÞ (6)

PEK MW
chain

¼ PEK DP
chain

�196:2 (7)

During in-situ grafting polymerization of PEK, the number of
grafting sites increases with increasing CNTconcentration. Thus the
molecular weight of the grafted chain decreases. As listed in Table 2,
it should be noted that the calculated molecular weight of grafted
PEKwith 10wt% FWNT is expected to be 10 times lower than that of
grafted PEK with 1 wt% FWNT.

2.3. Fiber spinning

The fibers were spun by dry-jet wet-spinning using the small
scale spinning system manufactured by Bradford University
Research, Ltd (UK). The PEK-g-FWNT/PPA solution was placed into
barrel (28 mm internal diameter). The solution was extruded
through a single-hole spinneret of 120 mm diameter equipped with
filter (mesh size was 20 mm) and passed through distilled water
coagulation bath (w1.2 m long) maintained at room temperature.
The as-spun fiber was kept immersed in water for several days to
remove the residual PPA and the bath water was periodically
replaced with fresh water. The fibers were subsequently drawn at
various draw ratios at 200 �C. The different draw ratio is due to the
different drawability of various fibers, and the draw ratio obtained
in this study was the highest draw ratio achievable for each fiber.
Fig. 1 shows the PEK and PEK-g-FWNT fibers on spools.

2.4. Fiber characterization

The tensile properties were measured using RSA III solid
analyzer (TA Instruments). A gauge length of 25 mm was used for
tensile, and 10e20 single filaments were tested for each sample at
a strain rate of 1%/s. Wide-angle X-ray diffraction (WAXD) was
performed on a multi-filament bundles of fiber using a Micro-
Max002 X-ray source (Ni filtered CuKa, operating voltage and
current at 45 kV and 0.66 mA, respectively, l ¼ 0.15418 nm)
equipped with an R-axis IVþþ 2D detection system (Rigaku/MSC
Corp.). WAXD diffraction patterns/data were analyzed using the
software packages of AreaMax V.1.00 and MDI Jade 6.1. The Raman
spectra were collected using Witek (Alpha 300R) confocal Raman
microscope with Nikon 20� objective lens (NA ¼ 0.4) in back
scattering configuration. The excitation laser wavelength was
514 nm. The dynamic mechanical properties of fibers were
measured using thermomechanical analyzer (TMA, Q400, TA
Instruments, Co.). For dynamic mechanical properties, temperature
sweep test was conducted on a single filament in the temperature
range of �50 to 300 �C at a constant heating rate of 1 �C/min. The
pretension and stress amplitude for dynamic mechanical analysis
were 15 and 3 MPa, respectively. The dimensional stability of fibers
t of PEK grafted onto FWNT.

FWNT
(mol)

PEK
(mol)

Grafting site
(mol)

PEK DP/chain PEK MW/chain
(g/mol)

0.00 0.51 N/A N/A N/A
0.09 0.50 0.0021 236.2 46,344
0.45 0.48 0.0106 45.3 8894
0.90 0.45 0.0212 21.5 4213
1.79 0.40 0.0420 9.5 1872



Fig. 2. The schematic description of electrical conductivity measurement setup.

Fig. 1. Photograph of PEK and various PEK-g-FWNT fibers. The numbers on fiber spool represent the FWNT concentration.
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(shrinkage behavior) was monitored on a single filament using
a TMA at a constant heating rate of 10 �C/min in nitrogen using
1 MPa pretension. The thermal stability and char yield in nitrogen
was measured using thermogravimetric analyzer (TGA, Q5000 by
TA Instruments, Co.). Scanning electron microscope (SEM, LEO
1530, operated at 10 kV) was used for micro-structural analysis. For
obtaining cross-sectional images, fiber thin-sections were prepared
using embedding materials (electron microscopy sciences, Cat. #
14310). The axial direct current (DC) electrical conductivity of the
composite fibers was measured using four point probe (Signatone,
Co.) coupled with Keithley 2400 sourcemeter. The schematic
description for conductivity measurement is given in Fig. 2. High-
resolution transmission electron microscopy (HR-TEM) was per-
formed on HF2000 TEM microscope (operated at 200 kV) and
a JEOL 4000EX TEMmicroscope (operated at 400 kV). Charred fiber
samples were grounded into fine powder using amortar and pestle,
and this powder was placed on Lacey carbon coated 300 mesh
copper TEM grids (electron microscopy sciences, Cat. # LC325-Cu)
for HR-TEM observation.
3. Results and discussion

Fig. 3 shows the cross-sectional SEM images of PEK and various
PEK-g-FWNT composite fibers. It can be noted that PEK-g-20%
FWNT fiber shows highly porous structure while the other fibers
appear to have relatively solid cross-sectional structure. Based on
the cross-sectional images, average fiber diameter was obtained
and used for tensile testing. Tensile testing results are listed in
Table 3. Draw ratios of each specimen are also listed in Table 3.

Fig. 4 shows the typical stressestrain curves of PEK and various
PEK-g-FWNT composite fibers. Control PEK fibers have the highest
tensile strength as compared to those of PEK-g-FWNT composite
fibers, whereas PEK-g-20%FWNT fibers have the highest tensile
modulus (w17 GPa). The low tensile strength in composite fibers
maybe attributed to the lowmolecularweight PEKas shown inTable
2, and the high modulus in PEK-g-20%FWNT fiber would be due to
the large contribution from FWNT. Among various heat-drawn PEK
and PEK-g-FWNT fibers, the 5% FWNT containing fiber showed the
highest strain to failure of about 53%, resulting in toughness of about
122 J/g. The as-spun control PEK fibers exhibited very high tough-
ness values, up tow130 J/g. By comparison, the toughness values for
high performance commercial fibers such as Kevlar� (w30e45 J/g)
and Zylon� (w50 J/g) are significantly lower [20,21], while the
toughness for spider silk is higher (about 170 J/g) [22].

The axial direct current (DC) electrical conductivity data of
various PEK-g-FWNT fibers are listed in Table 3. At 5% FWNT
loading, electrical conductivity was 2� 10�4 S/m and this increased
to 25 and 240 S/m, at 10 and 20 wt% FWNT loading, respectively.
A five order magnitude increase in electrical conductivity with
increasing FWNT concentration from 5 to 10% suggests that
percolation threshold for FWNT in these oriented PEK-g-FWNT
fibers is between 5 and 10 wt%.

2D WAXD patterns, integrated and equatorial scans of PEK and
PEK-g-FWNTfibersare shown inFig. 5. BasedonWAXDstudiesofPEK
[23], the crystallographic reflections are indexed based on an ortho-
rhombic unit cellwith lattice parameters a¼ 0.763nm, b¼ 0.596nm,
and c ¼ 1.0 nm. In this work, PEK orientation in the fibers was
determined fromWAXDdata,where theHerman’s orientation factor,
fc was determined by Wilchinsky’s equation (Equations (8) and (9))
[24] using the (110) and (200) crystallographic planes.

�
cosqc�axisÞ2 ¼ 1��

1�2sinr22
��

cos41Þ2�
�
1�2sinr21

��
cos42Þ2

sinr21�sinr22
(8)

fc ¼
3
�
cos q2c�axis

�
� 1

2
(9)

The subscripts, 1 and 2 represent the two hkl planes, (110) and
(200), used in the orientation characterization, and r is the angle
between the given plane normal and the a- or b-axis. Thus, r values
for (110) and (200) are calculated with respect to the b-axis to be
w52� and 0�, respectively. The (110) and (200) azimuthal intensity
was used to calculate ðcos 4Þ2 for the two planes. Using this
approach ðcos qc�axisÞ2 and fc for the PEK and PEK/FWNT fibers was



Table 3
Mechanical properties and DC electrical conductivity of PEK and various PEK-g-FWNT fibers.

FWNT content
(%)

Draw ratio Fiber diameter
(mm)

Tensile strength
(MPa)

Tensile modulus
(GPa)

Strain to failure
(%)

Toughnessa

(J/g)
Electrical conductivity
(S/m)

0 As-spun 32.6 130 � 10 3.8 � 0.1 163 � 37 130 � 37 N/A
0 2.3 21.1 � 1.5 486 � 12 10.6 � 0.3 30 � 4 90 � 18 N/A
1 2.7 25.4 � 2.4 297 � 7 6.6 � 0.3 30 � 4 55 � 8 N/A
5 As-spun 36.2 131 � 10 4.9 � 0.4 137 � 19 109 � 23 N/A
5 2.3 22.3 � 1.2 359 � 11 9.4 � 0.7 53 � 8 122 � 23 2.1 � 10�4 � 5.9 � 10�6

10 3.7 23.9 � 0.4 191 � 6 7.2 � 0.5 18 � 3 21 � 5 25 � 7
20 1.1 24.9 � 1.4 122 � 11 17.3 � 1.3 3 � 1 2 � 1 240 � 88

a Toughness was calculated from the area under the stressestrain curve.

Fig. 3. Cross-sectional SEM images of (a) PEK, (b) PEK-g-1%FWNT, (c) PEK-g-5%FWNT, (d) PEK-g-10%FWNT, and (e) PEK-g-20%FWNT fibers.

R. Jain et al. / Polymer 51 (2010) 3940e3947 3943



Fig. 4. Typical stressestrain curves of PEK and various PEK-g-FWNT composite fibers.
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calculated and these values are listed in Table 4. The experimentally
determined Herman’s orientation factors of the fibers show
a decreasing trend as the loading of FWNT is increased. PEK
orientation is quite low (orientation factor less than 0.45). The
overall drawability of the fibers decreased with increasing nano-
tube loading, which is related to low molecular weight of grafted
PEK at high FWNT concentration. Low draw ratio results in reduced
PEK orientation. Additionally, the crystallinity and crystal size
of PEK exhibited similar trend as PEK orientation (Table 4).

For determining FWNT orientation, one can use WAXD diffrac-
tion, but the intensity from FWNT for most of the fibers was not
distinguishable as shown in Fig. 5 because of intensity overlap by
PEK crystal reflection. Therefore, the FWNT orientation in PEK-g-
FWNT fibers was evaluated from the Raman spectroscopy. It is well
Fig. 5. Wide-angle X-ray diffraction (WAXD) patterns of PEK and PEK-g-FWNT composite
equatorial intensity profiles of composite fibers were shifted upward for clear comparison.
known that the Raman G-band intensity decreases as increasing
the angle between the CNT axis and the polarization direction of
the incident laser [25]. Fig. 6a shows the G-band intensity variation
of PEK-g-20%FWNT fiber when the fiber was placed with an angle
of 0, 30, 60, and 90� to the incident laser polarization direction. As
discussed, the G-band intensity exhibits the angular dependence.
By comparing the G-band intensity ratio when the fiber is parallel
(I0) to the polarization direction of incident light and when it is
perpendicular (I90), one can estimate how well CNTs are aligned
along the fiber axis. The higher the I0/I90 ratio, higher is the degree
of FWNT alignment in fiber axis direction. At 1% loading, mean-
ingful Raman intensity could not be observed in these fibers due to
the intensity overlap by fluorescence from PEK. For PEK-g-5%FWNT,
PEK-g-10%FWNT, and PEK-g-20%FWNT fibers, the experimental I0/
I90 ratios were w2.9, 3.7, and 4.3 respectively. It is reported that
highly drawn polymer/CNT composite fibers often exhibited G-
band I0/I90 ratio greater than 40 [26,27], indicating that the FWNT
orientation obtained in this study is relatively low. Thus, we
observe that orientation of both the carbon nanotubes as well as
PEKmolecules is relatively low in these fibers. The Raman spectrum
for pristine FWNT is also given in Fig. 6b.

Fig. 7 shows the dynamic mechanical properties of PEK and
various PEK-g-FWNT composite fibers. PEK-g-20%FWNT composite
fiber exhibits significantly different relaxation behavior as
compared to the other fibers (Fig. 7a). In addition, control PEK and
PEK-g-1%FWNT fibers have comparable trend, and PEK-g-5%FWNT
and PEK-g-10%FWNT fibers show similar relaxation behavior. The
absolute storage modulus at room temperature exhibited similar
trend as compared to the tensile modulus of various fibers as listed
in Table 3. The glass transition temperature for both PEK and PEK-g-
1%FWNT fibers (measured from the tan d peak position) was
around 210 �C (Fig. 7b), while that of PEK-g-20%FWNT is about
190 �C. For comparison, much lower value of glass transition
temperature (around 150e165 �C) have been reported in the
fibers. (a) Integrated and (b) equatorial scans of WAXD patterns. The integrated and



Fig. 6. (a)RamanG-band intensityvariationofPEK-g-20%FWNTcompositefiberasa functionof angle betweenfiberand laserpolarizationdirection inVVmodeand (b)Ramanspectrumof
pristine FWNT. The spectra for 0, 30, and 60� in (a) were shifted upward for clear comparison. The VVmode represents that the direction of polarizer is parallel to the direction of analyzer,
and 0� represents that the fiber axis direction is parallel to the polarizing direction. The intensity ratio of G-band (w1590 cm�1) to D-band (w1300 cm�1) of pristine FWNTwas about 6.

Table 4
WAXD analysis results of drawn PEK and various drawn PEK-g-FWNT fibers.

Draw
ratio

Crystallinity
(%)

ðcosqc�axisÞ2 fc
(PEK)a

Crystal size (nm)b

(110)2qw18.5� (200)2qw22.5�

PEK 2.3 48 0.66 0.49 4.8 3.3
PEK-g-1%FWNT 2.7 45 0.63 0.44 4.8 3.3
PEK-g-5%FWNT 2.3 35 0.61 0.41 4.7 3.2
PEK-g-10%FWNT 3.7 35 0.60 0.40 4.1 3.0
PEK-g-20%FWNT 1.1 27 0.40 0.10 3.8 2.5

a PEK crystal orientation was calculated based on Wilchinsky’s equation as described in text.
b Crystal size was calculated based on equatorial scans using Scherrer’s equation.

Fig. 7. Dynamic mechanical properties of drawn PEK and various drawn PEK-g-FWNT composite fibers. (a) Storage modulus and (b) tan d behavior as a function of temperature.
PEK-g-20%FWNT composite fiber exhibits significantly different relaxation behavior as compared to the other fibers. It shows very large amplitude of loss factor, which may be
attributed to the low molecular weight of grafted PEK. For PEK-g-5%FWNT and PEK-g-10%FWNT fibers, tan d peak is barely seen and the amplitude is weaker than those of control
PEK and PEK-g-1%FWNT fibers.

Table 5
Coefficient of thermal expansion (CTE) of PEK and various PEK-g-FWNT fibers up to
150 �C in nitrogen.

Draw ratio CTE (/�C)

PEK 2.3 �2.82 � 10�6

PEK-g-1%FWNT 2.7 �6.18 � 10�6

PEK-g-5%FWNT 2.3 �4.51 � 10�6

PEK-g-10%FWNT 3.7 �4.51 � 10�6

PEK-g-20%FWNT 1.1 �8.44 � 10�6
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literature for the bulk PEK [23,28,29]. For PEK-g-5%FWNT and PEK-
g-10%FWNT fibers, tan d peak is barely seen and the peak amplitude
is lower than that of control PEK and PEK-g-1%FWNT fibers.
Furthermore, tan d amplitude of PEK-g-5%FWNT and PEK-g-10%
FWNT fibers continue to increase even above 210 �C (Fig. 7b).
Similar tan d behavior was observed for PAN/SWNTat 10wt% SWNT
[26,30] where polymer was not grafted on to CNT. The very large
loss factor amplitude of PEK-g-20%FWNT fiber as compared to the
other fibers may be attributed to the low molecular weight of
grafted PEK. PEK and PEK-g-FWNT fibers showed good storage
modulus retention even above glass transition temperature



Fig. 8. Shrinkage behavior of PEK and PEK-g-FWNT composite fibers under nitrogen.
Pretension and heating rate were about 1 MPa and 10 �C/min, respectively. Inset is the
magnified behavior in boxed region for clear comparison. The numbers in inset
represent the FWNT concentration.

Fig. 9. TGA curves (in nitrogen at a heating rate of 10 �C/min) of PEK and PEK-g-FWNT
composite fibers. Inset is the magnified weight loss behavior in boxed region for clear
comparison. The numbers in inset represent the FWNT concentration.

Fig. 10. SEM images of fractured surface of charred PEK and various PEK-g-FWNT composite
(e) PEK-g-20%FWNT.
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(Fig. 7a) and its absolute value even at 300 �C was above 1 GPa for
most fibers and above 3 GPa for 5, 10, and 20 wt% FWNT containing
fibers. For comparison, poly(methyl methacrylate) showed more
than two orders of magnitude decrease in storage modulus at glass
transition and an absolute storage modulus of less than 0.1 GPa at
just 130 �C [31]. In case of poly(ethylene terephthalate)/CNF
composite fiber, storagemodulus decreases to about 1 GPa at about
250 �C and would decrease to much below 1 GPa due to crystal
melting (at higher than 265 �C) [32].

The thermal shrinkage behavior of PEK and PEK-g-FWNT fibers
was studied in N2 atmosphere. The fibers showed almost no
shrinkage up to 150 �C. CTE data in the temperature range of room
temperature to 150 �C is between �2 and �9 parts per million per
�C (Table 5), and the shrinkage up to 300 �Cwas less than 2% (Fig. 8).
As expected fibers showed significant expansion in the vicinity of
melting point of PEK (300e350 �C). The PEK-g-5%FWNT fiber
showed the best dimensional stability (less than 0.5% shrinkage) up
to 300 �C and the coefficient of thermal expansion (CTE) in the
range of 180e250 �C was w�1.2 � 10�5/�C. The PEK-g-20%FWNT
fiber showed almost no shrinkage or expansion up to 190 �C, and
abrupt expansion at above 190 �C. This behavior can be confirmed
by WAXD analysis results, showing that this sample has very low
degree of crystallinity and relatively small crystal size. This also
could be due to the fact that PEK-g-20%FWNT fiber had lower draw
ratio (DR w1.1) and consequently low or no entropic thermal
shrinkage. As discussed earlier, since the grafting sites increase
with increasing FWNT concentration, the molecular weight of each
grafted chain decrease with increasing FWNT concentration.
Consequently, the polymer chain entanglement is expected to be
reduced. Thus, in the PEK-g-20%FWNT, the polymer chain entan-
glements would be significantly lower than the other fibers.

Thermal stability of PEK and various PEK-g-FWNT fibers in inert
environment is shown in Fig. 9. Up to 5 wt% FWNT loading, the
composite fibers showed comparable degradation behavior as the
control PEK fiber (w55 wt% char yield at 700 �C). However, at
higher FWNT loadings of 10 and 20 wt%, the char yield at 700 �C in
nitrogen reduced to 42 and 24 wt%, respectively. This indicates
relatively low char yield of PEK in these fibers (32% and 4% for 10
and 20% CNT containing fibers, respectively, assuming the same
weight loss for FWNT at 700 �C in inert environment [33]) as
compared to that of the control PEK fiber (55%). The degradation of
the polymer is dependent on the polymer molecular weight, and
the thermal stability of the polymer decreases with increasing
number of chain ends, i.e. with decreasing chain length. As
fibers. (a) control PEK, (b) PEK-g-1%FWNT, (c) PEK-g-5%FWNT, (d) PEK-g-10%FWNT, and



Fig. 11. High-resolution transmission electron micrograph of (a) pristine FWNT and (b) PEK/FWNT (1 wt% FWNT loading) fiber heat-treated at 700 �C showing charred PEK residue
(arrows) from PEK grafted to FWNT. Charred fiber samples were grounded into fine powder using a mortar and pestle, and this powder was placed on Lacey carbon coated 300 mesh
copper TEM grids (electron microscopy sciences, Cat. # LC325-Cu) for HR-TEM observation.
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discussed earlier, the molecular weight of grafted PEK chain
decreases with increasing FWNT concentration. Therefore, char
yield of high FWNTconcentration fibers decreased. The SEM images
of the fibers treated at 700 �C in nitrogen are shown in Fig. 10. In all
composite fiber cases, the FWNTs appear to be uniformly distrib-
uted in the fiber. The fracture surfaces also show that the FWNT
containing fibrils are at least 10 mm long (Fig. 10e-2). Also the
diameter of these fibrils is in the range of 30e40 nm, which is much
larger than the original nanotube diameter of about 5 nm. High-
resolution transmission electron micrographs (HR-TEM) studies on
the charred fiber (PEK-g-1%FWNT) showed some amorphous
material surrounding the surface of the FWNT (Fig. 11b). For
comparison, the HR-TEM image of pristine FWNT is also given in
Fig. 11a. Since PEK is grafted to FWNT, charred PEK during heat
treatment remains coated on the FWNT.
4. Conclusions

The PEK and various PEK-g-FWNT fibers were successfully spun
with FWNT concentration as high as 20 wt%. The FWNTs were
found to be uniformly distributed and dispersed in the composite
fibers. The control PEK and composite fibers possess high thermal
stability with less than 5% weight loss up to 500 �C in nitrogen.
With increasing FWNT concentration, crystallinity and crystal size
of PEK decreased due to the high degree of grafting. The as-spun
control PEK fiber showed very high toughness (up to 130 J/g), which
surpassed many of the high performance fibers such as Kevlar�
and Zylon�. At 20 wt% FWNT loading, the fiber exhibited good
electrical conductivity of 240 S/m. PEK and various PEK-g-FWNT
composite fibers showed low degree of thermal shrinkage up to
150 �C. The 10 wt% FWNT containing fibers exhibited electrical
conductivity of 25 S/m and toughness value of 21 J/g.
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