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a b s t r a c t

Poly(p-phenylene terephthalamide)/single-walled carbon (PPTA/SWNT) composite fibres with different
draw ratios have been spun using a dry-jet wet spinning process and their structure and deformation
behaviour analysed using Raman spectroscopy. The dispersion of nanotube has been examined by Raman
scattering intensity mapping along the fibre. The nanotubes improved the polymer orientation in
composite fibre with a draw ratio of 2 but degraded the orientation at higher draw ratios. The mechanical
reinforcing effect by nanotubes is related to the change of polymer orientation, suggesting a dominant
role of polymer orientation in mechanical performance of the composite fibre. High efficiency of stress
transfer within the strain range of 0e0.35% and breakdown of the interface at higher strains has been
found in the composite fibres through an in situ Raman spectroscopic study during fibre deformation.
Cyclic loading applied on the fibre has indicated reversible deformation behaviour at low strain and
gradual damage of the interface at high strains.

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

Poly(p-phenyleneterephthalamide) (PPTA)fibres,whicharemade
up of oriented bundles of rig-rod polymer molecules, are character-
izedbyhigh stiffness and tensile strength. For commercial PPTAfibres
suchasTwaronandKevlarfibres, however, there is still a gapbetween
the actual modulus (140 GPa) and the crystallite modulus (200 GPa)
measured with X-ray diffraction [1,2]. It is desirable but great chal-
lenge to enhance the high performance PPTA fibres.

Carbon nanotubes (CNTs) are now believed to be the ultimate
reinforcing filler for polymers due to their extraordinary mechan-
ical properties [3,4]. They have shownmechanical reinforcement in
a variety of polymers such as epoxy [5], PVA [6], PMMA [7] and
polyamide [8] with very few successful examples on high perfor-
mance polymers [9]. More recently, Coleman's group have reported
[10] a significant improvement in mechanical properties of Kevlar
fibres by incorporating multi-walled carbon nanotubes, in which
the Kevlar/nanotube composite fibres were prepared by swelling of
Kevlar fibre in a suspension of nanotubes in the solvent N-meth-
ylpyrrolidone. Although the conventional dry-jet wet spinning
process for preparation of PPTA fibre is believed to be feasible and is
suitable for the mass-production of PPTA/NT composite fibres, little
.J. Young).

All rights reserved.
work has been published so far. In this present study, we investigate
the effect of nanotubes on PPTA/SWNT composite fibres spun with
a dry-jet wet spinning process by using Raman spectroscopy, which
has proved to be a powerful technique in studying CNT based
polymer composites. We demonstrate here that important issues
involved in mechanical reinforcement, such as the state of disper-
sion and orientation of nanotubes, and the interfacial stress transfer
can be assessed using Raman spectroscopy [11].

2. Experimental

2.1. Materials

The neat PPTA and PPTA/SWNTcomposite fibres were spunwith
a dry-jet wet spinning process. Fibres with different draw ratios
(DRs), which is defined as the ratio of fibre take-up speed and dope
extruding speed, have been spun to understand the influence of
processing conditions on the properties of the fibres. The nano-
tubes in the composite fibres were pristine HiPco SWNTs, and the
content of nanotubes was 0.5% by weight for all composite fibres.

2.2. Mechanical testing

Single-fibres of PPTA and PPTA/SWNT were mounted across
a cardboard window with a gauge length of 50 mm. Both ends of
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Fig. 2. Intensity ratio of nanotube G-band to PPTA 1610 cm�1 band along a PPTA/SWNT
fibre with a DR of 2, showing the uniform distribution of SWNTs.
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the fibrewere fixed using quick-setting epoxy resin to achieve good
adhesion and prevent slippage of fibres during mechanical testing.
The samples were left in the mechanical testing room, in which the
temperature was set constantly at 23 � 0.1 �C and humidity at
50 � 5%, for at least 48 h prior to mechanical testing. The tensile
testing was carried out using an Instron-1122 universal testing
machine. The machine was equipped with a 1 N load cell and the
crosshead speed was set at 0.5 mm/min. The sample was carefully
mounted onto the testing machine to ensure the fibre axis was
parallel to the loading axis. Both sides of the paper framewere then
burned away prior to mechanical testing. The fibre diameter was
measured using a Philips XL30 FEG SEM, which was operated at an
accelerating voltage of 5 kV. A minimum of 20 specimens for each
type of fibre were tested for statistical accuracy.

2.3. Raman spectroscopy

Raman spectra were obtained using a Renishaw 1000 system
with a HeeNe laser. The laser spot size was about 2 mm, and the
power was about 1 mW when the laser is focused on the fibre. The
curves were fitted using a Lorentzian function. For single-fibre
deformation test, a custom-made tensile rig was used for stretching
the paper card on which the fibre was mounted. The strain was
recorded using a micrometer which is attached to the rig, and the
force applied on the fibre was recorded using a transducer. Raman
spectra were taken at each strain level.

3. Results and discussion

3.1. Composite fibre structure

Fig. 1 shows the Raman spectrum of neat PPTA fibre, the original
SWNTs and PPTA/SWNT composite fibre. Characteristic bands of
both nanotubes and PPTA polymers can be seen from the composite
fibres, and this enables the use of Raman spectroscopy for further
characterization. Two features have been found by comparing the
spectrum of composite and the original SWNTs: 1) The G0-band
from the composite fibre is higher in wavenumber than that from
the original SWNTs in air, and fibres with higher DRs show a higher
peak position, indicating residual compressive stress in the fibre
upon drawing; and 2) The multiple peaks observed in the low-
frequency region (radial breathing mode, RBM), together with the
peak position and bandwidth of G0-band suggest the nanotubes
were still in bundles even the processing condition has been opti-
mized to exfoliate nanotubes.
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Fig. 1. Raman spectrum of neat PPTA, SWNTs and PPTA/SWNT composite fibre.
To examine the distribution of nanotube bundles, Raman
intensity mapping was undertaken by scanning the laser over the
fibre surface. The relative intensity of nanotube G-band to PPTA
1610 cm�1 band (IG/I1610) is found to be uniform at different posi-
tions along the fibre (Fig. 2), which reveals that the nanotube
bundles were well dispersed on the micrometer scale. The state of
dispersion was found to be independent of the fibre draw ratio.

The orientation of both the nanotubes and the polymer mole-
cules can be characterized using polarized Raman spectroscopy. For
perfectly aligned nanotubes or polymer chains, when using a VV
configuration where the incident and scattered laser are both
parallel to the sample axis (Fig. 3), the dependence of Raman
intensity IVVFibre upon the angle b is found to be [12,13]:

IVVFibrefcos4 b (1)

For a sample consisting of nanotubes distributed over a range of
angles, the Raman intensity is a sum of contributions from all
nanotubes, and can be written as [14,15]:

IVVFibreð4Þf
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where 4 is the angle between laser polarization and fibre axis, b is
the angle between laser polarization and nanotube axis, and hP2(cos
b)i and hP4(cos b)i are the orientation order parameters. The
parameter hP2(cos b)i is more important for axial symmetric
materials and is also known as the Herman's orientation factor,
with its value of 1 for perfect alignment and 0 for a random
distribution [15]. To determine the polymer orientation quantita-
tively, either the Raman intensity at different angles (for a complete
procedure [16]) or the depolarization ratio coupled with the
intensity at different configuration of laser polarization (for
H

V
Incident laser Scattered laser

Fig. 3. Schematic diagram of the configuration of the laser polarization.
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a simplified model [17]) is required. Here a qualitative parameter
P ¼ 1 � IHH/IVV is employed to characterize the orientation as the
depolarization ratio for isotropic PPTA polymer is not available and
this qualitative parameter has proved to be a simple yet effective
way to assess the relative molecular orientation of polymers that
possess the same structure [17].

Fig. 4 shows the Raman spectra of a composite fibre at different
angles with respect to the laser polarization, and the spectra of the
neat PPTA fibre at different configurations. The dramatic decease of
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the intensity with the increasing angle and the difference at
different laser polarization indicates that both the nanotubes and
polymer molecules are aligned parallel to the fibre axis.

The orientation parameter hP2(cos b)i for the nanotubes and the
qualitative orientation parameter P for PPTA are plotted as a func-
tion of fibre draw ratio as shown in Fig. 5. The large standard
deviation in the orientation parameter for nanotubes is due to
probing different areas while rotating the sample. It can be seen the
orientation of both the nanotubes and polymermolecules generally
increases with the DR of the fibre. Compared to the neat fibre, the
orientation of polymer has only been improved for the composite
fibre with a DR of 2; and for fibres with higher DRs the polymer
molecules are better oriented in the neat fibres than in the
composite fibres. This may be very important for the mechanical
performance of the fibre. It remains unclear at this stage how
nanotubes influence the arrangement of the polymer chains in the
composite fibre.

3.2. Mechanical properties

Mechanical properties have been measured with an Instron
machine and the typical stressestrain curves for neat PPTA and
PPTA/SWNT fibres are shown in Fig. 6. It can be seen the slope in
these curves decreases when the strain exceeds 0.5% and increases
after 1%. The variation in modulus is thought to be due to change of
the molecular configuration under strain and the variation
becomes less pronounced as the DR of fibres increases. The
mechanical parameters are plotted as a function of DR in Fig. 7. The
dependence of the modulus on DR for unreinforced PPTA fibres as
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Fig. 7. Mechanical properties of PPTA fibres and PPTA/SWNT fibres.
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a function of polymer spindope concentration and coagulation
conditions has been explained quantitatively elsewhere [18]. It is
found that the Young's modulus of reinforced fibres has been
improved by 15% for composite fibre relative to the neat fibre with
a DR of 2. For fibres with higher DRs, the mechanical properties are
degraded, an effect that has been observed for other high perfor-
mance polymer/nanotube composites as well. It should be noted
that mechanical reinforcement of polymers by nanotubes have
been mostly on relatively low modulus polymers so far, and
mechanical degradation by pristine nanotubes has also been
reported where poor dispersion of nanotubes and weak interfacial
interactions occur [19e22].

Consider the mechanical reinforcing of PPTA by SWNTs firstly
based on the simple rule of mixtures:

Ec ¼ VNTENT þ ð1� VNTÞEm (3)

where Ec, ENT, and Em are the modulus of the composite fibre,
SWNTs, and neat PPTA, respectively; and VNT is the volume fraction
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Fig. 8. Variation of Raman band peak position for composite fibre with different DRs
of SWNTs and is taken as 0.5% in PPTA/SWNT fibre. The modulus of
neat PPTA fibre is taken as 100 GPa as indicated by mechanical
testing (e.g. DR ¼ 11). It has been found the modulus of SWNT
bundles decreases rapidly as the rope diameter increases [23]. For
example, the modulus of a SWNT rope with a diameter of 13.5 nm
drops to 150 GPa. Substituting these values into Equation (3) gives
approximately only 1% improvement in modulus of the PPTA fibre
for the CNT concentration employed here.

Another factor that can significantly influence the mechanical
performance of the materials is the orientation of the structural
units. In fact, it is the rigid rod-like polymer chain, coupled with
high crystallinity and high orientation that impart PPTA fibres
with highmodulus and tensile strength. A comparison of Fig. 5 with
Fig. 6b reveals that the Young's modulus improves when the
nanotubes improve the orientation of polymers with respect to the
neat fibre and reduces when the orientation of polymer deterio-
rates. This indicates that the orientation of polymer plays a domi-
nant role in mechanical performance of these composite fibres.
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
1603

1604

1605

1606

1607

1608

1609

1610  DR2
 DR11

mc0161
1-

mc( noitisop dnab 
1-
)

Fibre strain (%)

k= -0.9 cm-1/%strain

k= -2.6 cm-1/% strain

b

under tensile deformation: a) nanotube G0-band and b) PPTA 1610 cm�1 peak.



Table 1
Nanotube G0-band shift rate and the final shift in different composites.

Polymer CNT type Functionalization Shift rate (cm�1/%strain) Maximum shift (cm�1) Reference

PVA Elicarb Pristine 3.7 w7 [28]
eCOOH 5.6 w8

PVA HiPco Pristine 17 w7 Unpublished
Epoxy HiPco Pristine 13 8 [29]
Polystyrene Annealed w9.5 7 [27]
Polycarbonate Undiym

Inc
Pristine 6 2.6 [30]

PCA-
functionalized

8.5 4

PMMA HiPco Pristine 15 4 [31]
PPTA DR2 HiPco Pristine 12.5 4 This work
PPTAeDR11 HiPco Pristine 23 8 This work
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3.3. Interfacial effects

In situ Raman spectroscopy was employed to follow the defor-
mation behaviour of the composite fibres. Fig. 8 shows the variation
of Raman band position during tensile deformation. The PPTA
1610 cm�1 peak shifted to lower wavenumber monotonically with
increasing strain up to fibre fracture. On the other hand, the
nanotube G0-band and G-band wavenumber were found to
decrease as the strain increased until it reached 0.35%, and the
down shift for both bands ceased when the strain exceeded 0.6%.
This indicates breakdown of the interface in the strain range of
0.35e0.6%, which can be a result of interfacial sliding at NTeNT
interface and/or NT-polymer interface [24].

The Raman shift rate increases with the DR of the fibre, and is
found to scale with the modulus of the composite fibre. The large
band shift rate of nanotube G0-band within small strain range is
clearly an indication of stress transfer from the matrix to the
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Fig. 9. Variation of G0-band under cyclic loading for PPTA/SW
nanotubes [25]. Molecular dynamics simulation carried out by Yang
et al. [26] has demonstrated that strong interfacial adhesion exists
between nanotubes and polymers that contain aromatic rings in
their backbone, as is the case for PPTA molecules. This strong
interfacial interaction should give rise to mechanical reinforcing on
PPTA fibres, but is not the case for PPTA/SWNT fibres except for the
fibre with a DR of 2. Solokov et al. [27] have also observed the
phenomenon that high efficiency of stress transfer results in very
limited reinforcement and the reason remained unclear in their
work. In our case, the matrix has been degraded compared to the
neat PPTA due to the orientation deterioration, which consequently
resulted in the negative reinforcing effect in the composite even
when good stress transfer has been observed.

The overall down shift of nanotube G0-band in the fibre defor-
mation process reflects the strength of the interface. For fibres with
a DR of 11 in which the nanotubes are highly aligned, a maximum
down shift of 8 cm�1 has been observed. A comparison of nanotube
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Fig. 10. SEM image of the fracture surface of a PPTA/SWNT fibre with a DR of 2.
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G0-band shift rates together with the final down shifts that have
been reported in the literature is listed in Table 1. It is difficult to
compare the shift rate for different composites system as it depends
on the orientation and type (preparation method) of nanotubes, as
well as the properties of polymer matrix. However, despite the
significant variation in Raman shift rate observed in different
composites, the maximum final down shift of nanotube G0-band is
comparable, indicating a similar interfacial strength in these non-
covalently bonded nanocomposites.

The reversibility of deformation of the composite fibre was
investigated by loading and unloading on the sample to different
strain levels. Two cycles of loading were applied at each strain level
and the G0-band response are shown in Fig. 9. In the cyclic loading
within the strain range of 0.2% (Fig. 9a and c), G0-band goes
upwards in the unloading process following nearly the same path
as the loading line, and the curve for the second cycle overlaps with
the first one, indicating a reversible deformation process [31].
When the strain recovers back from 1% where most interfacial
sliding has been activated, the G0-band returns in a different path
such that hysteresis is observed. For fibres with a DR of 2, the shift
rate in the initial stage of the unloading curve is similar to the
loading curve, and the second cycle begins with a slightly smaller
shift rate showing somewhat reversible behaviour. All these
suggest that breakdown of the interface is a gradual process. While
for fibres with a higher DR (Fig. 9d), the Raman shift rate upon
unloading and in the second loading cycle is smaller compared to
the first loading curve, which the interfacial failure in the first cycle
is more significant in this fibre and the interfacial interaction is
weaker compared to the fibre with a DR of 2.

After being fully unloaded from 1% strain, the G0-band in
composite fibre with a DR of 2 is about 1.7 cm�1 higher than the
initial position prior to cyclic loading (Fig. 9b), suggesting 0.34 GPa
of residual compressive stress upon unloading, based on the cali-
bration for carbon fibres of�5 cm�1/GPa [29]. This residual stress is
thought to arise from the friction between the mismatched nano-
tube and matrix. In addition, the interfacial sliding results in
approximately 0.84 MJ/m3 of energy dissipated (calculated from
the area of the loop between loading and unloading stressestrain
curve [32]) in the loadingeunloading cycle, which is 50% higher
than in the neat PPTA fibre. An SEM image of the fracture surface of
a composite fibre showed that rigid SWNT ropes with a diameter of
30e70 nm have been pulled out from the matrix (Fig. 10). There-
fore, the nanotube-polymer sliding is likely responsible for the
increase in energy dissipation in the composite fibre.

While the energy dissipation related to the CNT debonding and
sliding during cyclic straining for strains between 0.3% and 1.0% has
been clearly demonstrated here, it is interesting to note that the
critical strain for debonding coincides with the strain at which
yielding in unreinforced PPTA fibres occurs [33]. It is not to be
excluded that the yielding of the PPTA structure itself plays a role in
the debonding conditions, but more research is required to estab-
lish such a relation.

4. Conclusions

PPTA/SWNT composite fibres spun with a dry-jet wet spinning
process have been characterized using Raman spectroscopy. Rela-
tive intensity of nanotube G-band and PPTA 1610 cm�1 peak
showed a good dispersion of nanotubes in the composite fibre. The
nanotubes improved the orientation of polymer in the composite
fibre with a DR of 2 but degraded the orientation for higher DRs.
This change of polymer orientation is thought to have direct effect
on the efficiency of mechanical reinforcement of the PPTA fibre,
showing the dominant role of polymer orientation upon mechan-
ical performance of the composite fibres. An in situ Raman spec-
troscopy study during fibre deformation revealed good stress
transfer from the matrix to nanotubes in low strain range, and the
interface failed when the strain exceeded 0.3e0.5% depending on
the initial orientation of the fibre. Cyclic loading has indicated
reversible deformation within the strain range of 0e0.2% and
a gradual breakdown of the interface at higher strains. The fric-
tional sliding in the composite fibres results in improved energy
dissipation and this may be useful in structural damping applica-
tions [34,35].
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