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ABSTRACT: High-strength composite fibers were prepared from poly(vinyl alcohol) (PVA) and multiwalled carbon nanotubes
(MWNTs) functionalized with PVA matrix. Esterification between MWNTs and PVA was confirmed by Fourier transform infrared,
Raman spectroscopy, thermogravimetric analysis, transmission electron microscope, and atomic force microscope. Homogeneous dis-
persion of PVA-functionalized MWNTs in dimethyl sulfoxide was affirmed by optical micrographs and particle size analysis. The
PVA-functionalized MWNTs/PVA (1 wt %) composite fibers prepared by gel spinning and hot-drawing process exhibited tensile
strength and modulus as high as 2.1 and 34 GPa, respectively, showing a 75% increase in tensile strength and 35% increase in modu-
lus compared with pure PVA fibers. The mechanical properties were also much higher than untreated MWNTs/PVA (1 wt %) com-
posite fibers and carboxylated MWNTs/PVA (1 wt %) composite fibers. From wide-angle X-ray diffraction, scanning electron micros-
copy, and Raman spectra analysis, higher mechanical properties of PVA-functionalized MWNTs/PVA composite fibers are attributable
to homogeneous dispersion of MWNTs in PVA matrix, stronger interfacial adhesion between MWNTs and PVA matrix, and uniaxial
orientation of MWNTSs along fiber axis. © 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000-000, 2012
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INTRODUCTION neous dispersion of CNTs in the polymer matrix. However, non-
covalently functionalized CNTs play a limited reinforcement role
because the CNTs could only bonded with the matrix through
weak interactions such as electrostatic, hydrophobic, or van der
Waals forces, and the remaining of the dispersing agents in the
polymer matrix will also influence the final mechanical properties
of the composite. Therefore, many researchers have focused on co-
valently functionalized CNTs. Covalently bonded CNTs with the
polymer matrix might be an ideal way to improve compatibility
and load transfer ability between nanotubes and matrix. One really
impressive demonstration of covalently functionalized CNTs has
been made by Sun and coworkers'"'? for preparing poly(vinyl
alcohol) (PVA)/single-walled carbon nanotubes (SWNTs) compos-
ite films where great care has been taken to achieve good dispersion
and strong interfacial adhesion. They solubilized SWNTs through
the covalent attachment of PVA and then dispersed the PVA-func-
tionalized SWNTs into the PVA matrix for the fabrication of com-
posite films via a wet-casting method. Alignment of CNTs can be

Carbon nanotubes (CNTs) as a reinforcing phase in the hosting
polymer matrix have received much attention since their discovery
in 1991" because of their unprecedented physical properties. Com-
pared with conventional pseudo one-dimensional (1D) fillers such
as alumina, glass, boron, silicon carbide, and carbon fiber, CNTs
have a much higher specific surface, aspect ratio, and especially
higher mechanical properties. The Young’s modulus and tensile
strengths of CNTs can be considered as high as 1 TPa” and 63
GPa,’ respectively. A number of CNTs/polymer composites, such
as poly(p-phenylene benzobisoxaole),* polyacrylonitrile,” polyi-
mide,® with improved mechanical properties have been investi-
gated. However, to make the most of the exceptional mechanical
properties of CNTs, a large amount of work still needs to be done.

There are three predominant factors determining effective rein-
forcement of CNTs including homogeneous dispersion of CNTs
in the host polymer matrix, stronger interfacial adhesion between

CNTs and the matrix, and uniaxial or biaxial orientation of CNTs.

Noncovalent functionalization of CNTs using surfactants,”® pol-
yvinylpyrrolidone,”' has been adopted to achieve the homoge-
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achieved through shearing,'>'* magnetic field,">'® or mechanical
stretching.'”'® Fibers can be easily drawn, and CNTs were preferred
to form orientation parallel to the fiber axis. Poulin and
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coworkers'? treated wet-spun composite fibers made of CN'Ts and
PVA through a hot-drawing process to achieve high toughness and
alignment.

PVA is widely used as matrix polymer for thin films or fibers.
PVA/CNTs composite fibers were successfully processed using so-
lution spinning,”>*' gel spinning,”** or electrospinning® tech-
nology. Our research focused on preparation and characteriza-
tion of composite fibers by gel spinning and hot-drawing process
from PVA and multiwalled carbon nanotubes (MWNTSs) cova-
lently functionalized with the matrix polymer. For comparison,
four kinds of fibers including: the pure PVA fibers, the untreated
MWNTs/PVA composite fibers, the carboxylated MWNTs/PVA
composite fibers, and the PVA-functionalized MWNTs/PVA
composite fibers were prepared. This article is mainly focus on
the improvement of the mechanical properties by the homogene-
ous dispersion, strong interfacial bonding, and effective orienta-
tion of PVA-functionalized MWNTs in PVA fibers.

EXPERIMENTAL

Materials

MWNTs produced by a catalyzed chemical vapor deposition
process were purchased from Shenzhen Nanotech Port (Shang-
hai, China) with 5% of carbon impurities and catalysts, and the
length of MWNTs is in the range of 0.5-5 um and diameter of
10-30 nm. PVA, with degree of polymerization (DP) of 1700
and degree of hydrolysis of 99%, was supplied by Sinopec
Shanghai Petrochemical (Shanghai, China). N, N'-dicyclohexyl-
carbodiimide (DCC, 99%), dimethyl sulfoxide (DMSO, 99.5%),
4-(dimethylamino) pyridine (DMAP, 99%), nitric acid (65%),
sulfuric acid (98%), and ethanol were obtained from Sinopharm
Chemical Reagent. 1-hydroxybenzotriazole (HOBT, 99%) and
dialysis tubing (cut-off molecular weight ~ 100 000 and ~
14,000) were purchased from Yuanju Bio-tech (Shanghai, China).

Functionalization of MWNTs

Functionalization of MWNTs with PVA through esterification
was reported by Sun and coworkers.'' Initially, the 500 mg
MWNTs were subjected to strong acid treatment using 83 mL
sulfuric acid (98%) and 133 mL nitric acid (65%). The carboxy-
lated MWNTs from acid treated MWNTs were produced by
heating under reflux for 1 h followed by centrifuging, dialysis
against fresh deionized water, and drying under vacuum. The
esterification was achieved by functionlizing of carboxylated
MWNTs with PVA through carbodiimide-activated esterification.
DCC (1000 mg), DMAP (165 mg), HOBT (325 mg), and
carboxylated MWNTs (490 mg) were dissolved in 50 mL DMSO,
followed by sonication in Shumei KQ2200DB bath sonicator for 1
h (frequency 40 kHz, power 100 W, sonication bath temperature
was maintained 20-30°C by using continuous coldwater flow in
the bath). Then, a solution of PVA in DMSO (21 mg/mL, 10 mL)
was added and the mixture was sonicated on the same sonicating
condition of frequency, power, and temperature for another 24 h.
The obtained dark suspension was centrifuged to remove the solid
residue and washed with acetone after evaporating the DMSO.
After that, the suspension was dissolved in hot water and placed
in dialysis tubing for dialysis against fresh deionized water.
Finally, the PVA-functionalized MWNTs were obtained after
vacuum dried.

J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.38260

WILEYONLINELIBRARY.COM/APP

Applied Polymer

SCIENCE

Preparation of PVA-Functionalized MWNTs/PVA Composite
Fibers

Gel spinning and hot-drawing process were adopted to prepare
PVA-functionalized MWNTs/PVA composite fibers. PVA-func-
tionalized MWNTs (150 mg) were dispersed in 77.3 mL DMSO.
Meanwhile, 14.85 g PVA was added into this dispersion followed
by stirring and sonication in Shumei KQ2200DB bath sonicator
(frequency 40 kHz, power 100 W, and bath temperature 95°C)
for 4 h. The optically homogeneous PVA-functionalized
MWNTs/PVA solution was obtained.

Gel spinning was performed by extruding the PVA-functional-
ized MWNTs/PVA solution from a spinneret having diameter of
0.8 mm. The solution kept at 70°C was extruded into open air
through an air gap of 10 mm, between spinneret and coagulat-
ing bath, and then immediately coagulated in ethanol at —5°C
to obtain as-spun fibers. Then, the as-spun fibers were drawn in
hot air by two steps, first at 150°C (draw ratio = 3) and second
180°C (draw ratio = 3), respectively. PVA-functionalized
MWNTs/PVA composite fibers were obtained.

For comparison, pure PVA fibers, the untreated MWNTs/PVA
composite fibers, and the carboxylated MWNTs/PVA composite
fibers were also prepared using the same procedures described
above.

Measurement and Characterization

Fourier transform infrared (FTIR) spectra were obtained using
Nicolet 8700 IR spectrometer. All the spectra were collected in
transmittance through KBr pellet. Raman spectra of PVA,
untreated MWNTs, carboxylated MWNTs, PVA-functionalized
MWNTs, and composite fibers were recorded with a Renishaw
inVia Reflex micro-Raman spectrometer with 514-nm laser exci-
tation. For polarized Raman spectra, the fiber was rotated 90°, so
that the direction of the E-vector of the polarized laser light was
parallel and perpendicular oriented to the fiber axis. Thermogra-
vimetric analysis (TGA) measurements were performed with a
Perkin Elmer TGA7 instrument at a heating rate of 20°C/min
from 35 to 700°C under a nitrogen atmosphere. Transmission
electron microscope (TEM) were performed on a JEOL JEM-
2010 TEM. Atomic force microscope (AFM) images were
obtained using a Veeco NanoScope IV AFM in tapping mode.
Optical micrographs were obtained with polarizing optical mi-
croscopy (POM, BX51 Olympus). The particle size distributions
of different MWNTs in DMSO were obtained using JL 9200
Static Light Scattering Particle Size Analyzers. Tensile measure-
ments were carried out by a DXLL-20000 tensile tester, the fiber
length was 150 mm and a tensile speed of 100 mm/min was used.
Wide-angle X-ray diffraction (WAXD) was used to determine the
crystallinity and crystal orientation of the fibers. The morpholog-
ical structure of the cross section of as-spun fibers and profiles
parallel to the fiber axis of the drawn fibers was observed using
Hitachi S-3000 scanning electron microscope (SEM) made in
Japan after sputter coating the samples with gold.

RESULTS AND DISCUSSION

Functionalization of MWNTs
It is now well known that CNTs can be carboxylated after treat-
ing with strong acids mixture.”® These strong acids as oxidizing
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Figure 1. FTIR spectra of (a) untreated MWNTs, (b) carboxylated
MWNTS, (¢) PVA-functionalized MWNTSs, and (d) pure PVA.

reagents remove the caps of the CNTs and introduce defects
involving oxygen functionalities, which mainly in the forms of
carboxylic acid groups on the surface and the ends of CNTs.
These carboxylic acid groups are expected to react with pendant
hydroxyl groups of PVA by esterification.'"' FTIR spectra were
used to identify the carboxylation reactions and the ensuing
esterification. Figure 1(a—d) shows FTIR spectra of untreated
MWNTs, carboxylated MWNTs, PVA-functionalized MWNTs,
and pure PVA, respectively. In Figure 1(a), the absorption peak
at 1632 cm ™' corresponds to C=C double bonds of untreated
MWNTs. The following FTIR data of carboxylated MWNTs
[Figure 1(b)] clearly indicate that carboxylic acid groups have
been successfully introduced into MWNTs: 1723 cm™' (C=0
stretching vibration), 1580 cm™' (COO™ asymmetrical stretch-
ing vibration), 1392 cm™' (COO™ symmetrical stretching vibra-
tion), 1212 c¢cm™ (C—O stretching vibration). Although pure
PVA was partially acetylated (degree of hydrolysis of 99%), car-
bonyl stretching vibration absorption peak was not found in
Figure 1(d). Compared with carboxylated MWNTs, the carbonyl
stretching frequency of PVA-functionalized MWNT [Figure
1(c)] has shifts to a lower frequency (1709 cm™ ") because of
conjugated effect of carbonyls of ester linkages and fullerenes of
MWNTs, and the absorption peak around 1083 cm™! is associ-
ated with the C—O—C stretching vibration. The existence of
ester groups indicates that PVA chains have been successfully
grafted onto MWNTS.

More evidence for the carboxylation reaction and the esterifica-
tion was obtained by Raman spectroscopy, which is a powerful
tool used to characterize functionalization of CNTs. As shown
in Figure 2, the Raman spectra of untreated MWNTs, carboxy-
lated MWNTs, and PVA-functionalized MWNTs exhibit the
characteristic peaks of MWNTSs, namely the D-band at 1343—
1354 cm™ ', the G-band at 1571-1587 cm !, and the D*-band
at 2682-2708 cm ', which attributed to the defects and disor-
der-induced peaks, tangential-mode peaks, and a second har-
monic of the D-band, respectively. Typically, the relative inten-
sity between the D-band and the G-band (Ip/Ig) is frequently
used to assess the degree of structural disorder in MWNTs sam-
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Figure 2. Raman spectra of (a) untreated MWNTs, (b) carboxylated
MWNT5, (c) PVA-functionalized MWNTSs, and (d) pure PVA.

ples. The intensity ratio Ip/I; for carboxylated MWNTs is 1.15,
which is greater than that of untreated MWNTs (0.74). This
indicates a partial destruction of the conjugation structure of
MWNTs as a result of the increase of the amount of sp’-hybri-
dized carbons. The ratio Ip/I; for PVA-functionalized MWNTSs
(1.19) increases slightly compared with that of carboxylated
MWNTs (1.15), indicating that esterification has no important
effect on the degree of structural disorder of the nanotubes.

Based on TGA analyses (Figure 3), the PVA content trapped in
PVA-functionalized MWNTs was estimated in terms of mass
balance calculations from the residual weight at 700°C of neat
PVA (1.3 wt %), carboxylated MWNTs (88.9 wt %), and PVA-
functionalized MWNTs (63.1 wt %), it was about 29.4 wt %,
approximately corresponding to rate of charge (the mass ratio
of carboxylated MWNTs and neat PVA was 7 : 3) in esterifica-
tion stage. As observed in Figure 3, at lower temperature stages
below 200°C, weight loss could be attributed to the loss of sol-
vent and initial volatile degradation products. At higher
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Figure 3. TGA diagrams of (a) carboxylated MWNTSs, (b) PVA-function-
alized MWNTS, and (c) pure PVA.

J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.38260

3



ARTICLE

Applied Polymer

SCIENCE

Figure 4. TEM images of (a) untreated MWNTs; (b) carboxylated MWNTS; and (c) PVA-functionalized MWN'TS.

temperature stage, two weight loss steps could be observed from
the TGA curves of both pure PVA and PVA-functionalized
MWNTs, which were attributed to the decomposition of the
side chain and backbone of the polymer, respectively.””** The
first weight loss step corresponding to dehydration and de-ester-
ification reaction on the polymer side chain, the onset of the
thermal degradation temperature of pure PVA was at 250°C,
and the onset temperature of PVA-functionalized MWNTs was
shifted slightly to higher temperature at 260°C. This should be
due to restriction of mobility of polymer chain and suppression
of the decomposition in PVA-functionalized MWNTs. The sec-
ond decomposition step was associated with the polyene resi-
dues degradation which yields carbon and hydrocarbons. The
decomposition of the backbone of PVA in PVA-functionalized
MWNTs began at around 415°C, and it in pure PVA began at
around 430°C. This indicates that MWNTs exhibit a good ther-
mal transfer capability.

Typical TEM images of untreated MWNTs, carboxylated
MWNTs, and PVA-functionalized MWNTs show the morphol-
ogy changes of MWNTs after acid treatment and esterification
(Figure 4). It is clear that the untreated MWNTs had closed tu-
bular structures [Figure 4(a)], while the caps of MWNTs were
removed after acid treatment [Figure 4(b)]. This is mainly
because that during the acid treatment, oxidation were occurred
at defect sites and caps on nanotubes, therefore the tubes might
be cut into pieces and the caps of MWNTs were removed. After
esterification, a polymer layer was wrapped on the surface of
MWNTs, which made the diameter of PVA-functionalized
MWNTs was about 10 nm thicker than that of untreated
MWNTs and carboxylated MWNTs. The diameters of PVA-
functionalized MWNTs were at around 25 nm [Figure 4(c)],
while the diameters of untreated MWNTs and carboxylated
MWNTs were both at about 15 nm. The carboxyl groups on
MWNTs were generated from the oxidation of defect site on
MWNTs; they were not homogenously distributed on the sur-
face of MWNTS, therefore the polymers were not evenly coated
on the surface of MWNTs after esterification.

Figure 5 shows the tapping mode 2D (left) and 3D (right) AFM
height images of individual CNT of various samples. It is
obvious that the untreated MWNTs had a relatively prefect
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structure [Figure 5(a)], while after acid treatment, the defects
on MWNTs were increased and the tubular structure of
MWNTs became irregular [Figure 5(b)]. Also, from Figure 5(c),
it can be seen that the individual nanotube had different heights
at different locations on the tube, indicating that not all of the
tube surfaces were covered evenly by the layer which preferred
coating defect sites and the endpoints on MWNTs. The AFM
observations were consistent with the TEM results. Combined
with all analysis above, it can be inferred that the coated layer
on the surface of PVA-functionalized MWNTs were PVA macro-
molecular chains.
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Figure 5. AFM height images of (a) untreated MWNTs; (b) carboxylated
MWNTs; and (c¢) PVA-functionalized MWNTs. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 6. Polarized optical images of (a) untreated MWNTS; (b) carboxylated MWNTs; (c) PVA-functionalized MWNTs in DMSO solvent (150 mg

MWNTs in 77.3 mL DMSO).

Dispersion of Functionalized MWNTs in DMSO Solvent

The dispersibility of MWNTs can be improved after surface modifi-
cation. As shown in Figure 6, untreated MWNTs formed large
agglomeration in DMSO solvent, the acid-treated MWNTs showed
a better dispersibility, but still some aggregates were exist in the dis-
persion. While in PVA-functionalized MWNTs/DMSO dispersion,
there could barely see the existence of large particles, indicating that
the PVA-functionalized MWNTs had much better dispersibility
than untreated MWNTs and carboxylated MWNTS. The untreated
MWNTs had relative smooth surface, small diameter, large surface
area, and strong Van der Waals force, therefore the tubes were easily
form entanglement structure. After acid treatment, the carboxyl
groups were introduced on the surface of MWNT5, the sulfoxide
groups in DMSO molecule could form strong hydrogen bonds with
carboxyl groups (S=0...HO—C=0), thus improved the disper-
sion of carboxylated MWNTs in DMSO solvent. However, the
amount of —COOH groups which were introduced on the surface
of MWNTs were quite small; the agglomerations were still easily
occur. After esterification, as a large amount of PVA macromolecu-
lar chains were grafted to the surface of MWNTs, PVA chain seg-
ments which had a large number of hydroxyl groups could form
strong hydrogen bonds with sulfoxide groups from DMSO mole-
cules (S=0...HO), this ensured PVA-functionalized MWNTs eas-
ily form uniform dispersion in DMSO solvent. The dispersion of
PVA-functionalized MWNTs in DMSO solvent was stable for sev-
eral weeks without visible phase separation, while untreated
MWNTs and carboxylated MWNTs were settled at the same
conditions.

The particle size distributions of different MWNTs dispersed in
DMSO were shown in Figure 7. The untreated MWNTs could
not form homogeneous dispersion in DMSO; therefore, there
particle size distribution in DMSO could not be measured. The
Z-average diameter of carboxylated MWNTs and PVA-function-
alized MWNTs were 199.8 and 403.9 nm, respectively. The
larger diameter of PVA-functionalized MWNTs was mainly due
to the coated PVA layers on the surface of MWNTs which were
formed through esterification.

Characterization of MWNTs/PVA Composite Fibers
PVA-functionalized MWNTs/PVA fiber was prepared by the gel
spinning process. The fiber extruded from the spinning solution
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was firstly stayed in the air for a while and then immersed into
the low-temperature coagulation bath to form gel fiber. Keller”
has pointed out that the polymer solution usually tends to gen-
erate tassel-like microcell nuclei at the large degree of cooling,
while the small degree of cooling mainly induces the polymer to
produce folded chain lamellae. As-prepared gel fiber has a uni-
form microporous network gel structure which contains a lot of
sprouts-like microcellular nuclei. The gel structure minimizes
chain entanglements and ensures polymer orientation under
drawing, the microcellular nuclei act as physical crosslinks to
prevent chain slipping and induces polymer crystallization. Both
PVA-functionalized MWNTs/PVA and carboxylated MWNTs/
PVA spinning solutions showed excellent spinning ability and
their as-spun fibers exhibited good drawing ability. However,
untreated MWNTs could block the spinneret even with higher
pressure. To understand the impact of PVA-functionalized
MWNTs on the composite fibers, the untreated MWNTs/PVA,
carboxylated MWNTs/PVA composite fibers, and pure PVA
fibers were adopted same process parameters with PVA-func-
tionalized MWNTs/PVA composite fibers. For instance, PVA so-
lution concentration, MWNTs addition amount (1 wt %), injec-
tion speed, take-up speed, coagulation bath temperature, first
heat treatment temperature, second heat treat temperature and
draw ratio, and so forth.

The mechanical properties of pure PVA and MWNTs/ PVA
composite fibers were shown in Table I, and Figure 8 shows
typical stress—strain curves for the various drawn fibers.
Although the shapes of the stress—strain curve for all of fibers

15
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Figure 7. Size distribution of (a) carboxylated MWNTs and (b) PVA-
functionalized MWNTs in DMSO solvent.
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Table I. Mechanical Properties of the Drawn Fibers
Diameter Tensile Modulus Elongation
Sample (um) strength (GPa)  (GPa) (%)
Pure PVA fibers 443+16 12=+01 252 +25 105+x03
Untreated MWNTs/PVA fibers 45640 15+02 295+32 100+16
Carboxylated MWNTs/PVA fibers 455 +23 1.7 +01 304 +30 103+1.0
PVA-functionalized 445 +25 2101 341+30 11.7=+10

MWNTs/PVA fibers

were similar, the yield points and break points of three kinds of
composite fibers were significantly higher than that of pure PVA
fibers. Especially, the tensile strength and Young’s modulus of
PVA-functionalized MWNTs/PVA composite fibers were extraor-
dinarily improved compared with pure PVA fibers by around 75
and 35%, respectively. It is noticed that the tensile strength and
modulus of PVA-functionalized MWNTs/ PVA composite fibers
were considerably increased in comparison with untreated
MWNTs/PVA composite fibers and carboxylated-MWNTs/PVA
composite fibers. This result indicated that the reinforce effect
of PVA-functionalized MWNTs was much better than untreated
MWNTs and carboxylated MWNTs.

To understand the reason for the enhancement of mechanical
properties, the WAXD analysis was used to investigate the crys-
tal structure of pure PVA and MWNTs/PVA composite fibers.
The WAXD patterns were shown in Figure 9. The figure shows
the WAXD patterns of MWNTs /PVA composite fibers still keep
the characteristic peaks of pure PVA, indicating that incorpora-
tion of MWNTs did not significantly affect the crystalline struc-
ture. However, because of the low content of MWNTs (1 wt %)
in the composites combined with the curved structure of nano-
tubes, the reflection assigned to the (002) peak of the hexagonal
graphite structure (layer spacing within the MWNT) at 26° was
not clearly seen in the WAXD patterns of the composite fibers.

Table II lists the crystallite size, crystallinity, and crystallite ori-
entation of PVA in pure PVA and MWNTs /PVA composite

2.0 4
(a)

1.5 (b)
c c)
e
2 d
2 1.0+ (d)
=
o

0.5+

0.0 —_—

0 2 4 6 8 10 12
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Figure 8. Stress—strain curves of (a) PVA-functionalized MWNTs/PVA;
(b) carboxylated MWNTs/PVA; (c) untreated MWNTs/PVA, and (d) pure
PVA fibers.
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fibers. The change in crystallite size determined from WAXD
using Scherrer’s equation for the various drawn fibers was con-
sidered within experimental error. The degrees of crystallite ori-
entation for the PVA component in various fibers were very
similar. The crystallinity of PVA in PVA-functionalized
MWNTs/PVA composite fibers were significantly increased com-
pared with other fibers indicating that the PVA-functionalized
MWNTs were act as nuclear sites and promoted the heterogene-
ous nucleation process of PVA. It could be inferred that as PVA
molecular chains grafted to MWNTs, PVA-functionalized
MWNTs in gel network of as-spun fibers not only acted as
physical crosslink to help drawing, but served on template to
induce PVA crystallization during hot drawing. The PVA chains
which were grafted on MWNTs could be also assemble into lat-
tice, resulting in the effective load transfer and improved the
strength and modulus of the fibers.

The good dispersion of MWNTs in PVA matrix is also one of
important reasons of high tensile strength and high modulus
for MWNTs-reinforced composite fibers. However, it remains a
challenge because of the strong van der Waals interactions
among MWNTs. To investigate dispersion of MWNTs in PVA
matrix, TEM was used to observe the cross-section morphology
of as-spun fibers. Figure 10 shows the SEM micrographs of the
cross section of the four kinds of as-pun fibers. PVA-functional-
ized MWNTs were well dispersed in PVA matrix [Figure 10(d)],

(101)

Indensity (a.u.)

20 (degree)

Figure 9. WAXD diffractograms of (a) PVA-functionalized MWNTs/PVA;
(b) carboxylated MWNTs/PVA; (c) untreated MWNTs/PVA, and (d) pure
PVA fibers.
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Crystal size for various fibers (nm)

Untreated Carboxylated PVA-functionalized
Miller index (hkl) PVA MWNTs/PVA MWNTs/PVA MWNTs/PVA
(100) 7.5 7.8 7.6 7.2
(101) 6.4 6.2 6.7 6.2
(200) 6.1 6.3 5.9 59
Crystallinity (%) 62.9 63.3 65.4 69.2
Crystallite orientation 92.8 91.7 92.4 92.8

while some agglomerates were observed in untreated MWNTs/
PVA fibers [Figure 10(b) circled place]. Although carboxylated-
MWNTs shown a slightly better dispersion state in PVA matrix
compared with untreated MWNTs, there were still some
MWNTs aggregates existed in the fiber [Figure 10(c) circled
place]. Thus, homogeneous dispersion of PVA-functionalized
MWNTs is attributable to the covalently bonded PVA molecule
chains on the surface of MWNTs, which ensure homogeneous
dispersion in spinning solution. Another notable phenomenon
observed through TEM micrographs is that some MWNTSs were
exposed outside the PVA matrix for untreated MWNTs/ PVA
composite fibers [Figure 10(b) arrows point place], indicating

that interfaces adhesion between untreated MWNTs and PVA
matrix was weak and nanotubes were easily pulled out from
PVA matrix when the fiber was fractured. It could be speculated
that MWNTs would slip and the load could not be effectively
transferred when untreated MWNTs/PVA fibers were fractured.
For PVA-functionalized MWNTs, the covalent bonded PVA
chains on the surface of MWNTs have very good compatibility
with PVA matrix, leading to strong interfaces adhesion between
MWNTs and PVA matrix.

To reveal the internal fiber structure, the drawn fibers were split
by using a needle for SEM observation. Figure 11 shows the
SEM images of profiles parallel to the fiber axis of different

Figure 10. SEM micrographs of the fractured surfaces of the as-spun (a) PVA; (b) untreated MWNTs/PVA; (c) carboxylated MWNTs/PVA, and (d)
PVA-functionalized MWNTs/PVA fibers. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 11. SEM micrographs of profiles parallel to the fiber axis of the drawn (a) PVA; (b) untreated MWNTs/PVA; (c) carboxylated MWNTs/PVA, and
(d) PVA-functionalized MWNTs/PVA fibers. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

drawn fibers. Vertical arrow points the direction of fiber axis. It
can be clearly seen that there were many fibrils with diameters
around 30 nm arranged parallel to the fiber axis. Horizontal
arrow points MWNTs. It is obvious that untreated MWNTs,
carboxylated MWNTs, and PVA-functionalized MWNTs were
orientated along the fiber axis and parallel to the fibrils. The
original curved MWNTs also showed a stretched morphology. It
could be interpreted that the nozzle shear and the hot-drawing
process ensured the orientation and stretching of MWNTs in
PVA fiber matrix. The orientation and stretching of MWNTs in
PVA matrix were considered the one of critical reasons for the
enhancement of mechanical properties of composite fibers.
From Figure 11(b), we can see that untreated MWNTs were
peeled off from the PVA matrix, suggesting that there was the
poor adhesion between untreated MWNTs and PVA matrix.
Carboxylated-MWNTs show a better compatibility with PVA
matrix, but there still some protrusion points were found [Fig-
ure 11(c)]. Both ends of PVA-functionalized MWNTs were em-
bedded in the fibrils, the interface between MWNTs and PVA
matrix was quite fuzzy [Figure 11(d)]. As better wetting with
matrix judged from the SEM patterns, PVA-functionalized
MWNTs can be expected to be more effective to improve the
mechanical properties of composite fibers than other composite
fibers. Also in profiles of untreated MWNTs/PVA composite
fibers, some white spots were observed, these white spots were
graphite impurities contained in the untreated MWNTs.

J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.38260
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To further explore the interfacial interaction between matrix
and MWNTs, Raman spectroscopy was used to characterize
MWNTs in the drawn fibers. As shown in Figure 12, the D-
and G-bands of MWNTs in the drawn fibers, attributed to the
defects and disorder-induced modes and in-plane E,, zone-
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Figure 12. Raman spectra of (a) PVA-functionalized MWNTs/PVA, (b)
carboxylated MWNTs/PVA, (c) untreated MWNTs/PVA composite fibers,
and (d) pure PVA fibers.
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center mode, are consistent with the Raman spectra of MWNTs
samples shown in Figure 2. However, the D’-band of PVA-func-
tionalized MWNTs and carboxylated MWNTs in the drawn
fibers at about1625 cm ™', which is known to be directly affected
by the disorder in nanotubes, exhibits a difference with MWNTSs
samples in Figure 2, indicating an increase in defects along the
tube body during spinning and drawing.”® In addition, different
with the previous reports on PVA-functionalized CNTs compo-
sites,''? the peaks of the G-band of PVA-functionalized
MWNTs/PVA composite fibers were shifted to the higher fre-
quencies by about 8 cm™' compared with that of untreated
MWNTs/PVA, carboxylated MWNTs/PVA composite fibers,
which suggests that the PVA-grafted MWNTs are completely dif-
ferent from MWNTs/PVA mixtures in terms of Raman charac-
teristics. For PVA-functionalized MWNTs, PVA chain is individ-
ually anchored to the nanotubes surface, forming a nanoscale
layer of coverage. This phenomenon exhibits that MWNTs were
influenced by the covalent PVA environment. The upshift of the
G-band for PVA-functionalized MWNTs in drawn composite
fibers was attributed to charge transfer between MWNTs and
PVA, implying interfacial affinity between them.

Raman spectroscopy can also provide information for orienta-
tion of MWNTs in PVA matrix. Fischer’' investigated MWNT/
polycarbonate composites and characterized the MWNTs orien-
tation characterized more or less roughly be comparison of
Raman spectra parallel and perpendicular to the fiber axis, and
the relative intensity (Ip/Ip) of D bands parallel and perpendic-
ular to the fiber axis, as well as the relative intensity (Ig/Ig) of
G bands parallel and perpendicular to the fiber axis, was used
to quantify the degree of orientation of the MWNTs in the
composite fiber. Raman spectra parallel and perpendicular to
the fiber axis of three kinds of drawn MWNTs/PVA composite
fibers were shown in Figure 13. The intensity ratios (Ip/Ip)
were 3.97, 3.98 and 4.02 for unteated MWNTs/PVA, carboxy-
lated MWNTs/PVA and PVA-functionalized MWNTs/PVA com-
posite fibers, respectively, and the intensity ratios (Ig/Ig) were
2.47, 2.46 and 2.50 for three kinds of fibers, respectively. First,
the ratios were very large compared with isotropic composites
(value = 1), indicating that the degree of orientation of
MWNTs in composite fibers was very high. Second, the ratios
for various composite fibers were almost identical. This can be
explained with approximately the same alignment orientation of
MWNTs in the composite fibers. So, we can conclude that the
same spinning and hot-drawing process parameters lead to
roughly the same degree of orientation of the MWNTs. Orienta-
tion of MWNTs parallel to the fiber axis is crucial for improved
mechanical properties, so the three kinds of MWNTs exhibit
extraordinary reinforcing efficiency. As the same degree of ori-
entation of MWNTs, the better mechanical performance of
PVA-functionalized MWNTs/PVA composite fibers is attribut-
able to the better dispersion and the stronger covalent interfacial
bonding between MWNTs and PVA matrix.

In this study, MWNTs and a commercial DP grade of PVA (DP:
1700) were used to fabricate PVA/CNTs composite fibers. For
the purpose of higher strength and higher modulus, SWNTs
seem to be more preferable compared to MWNTs, because of
higher aspect ratio, higher mechanical properties, and possible
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Figure 13. Raman spectra parallel and perpendicular to fiber axis of (a)
untreated MWNTs/PVA, (b) carboxylated MWNTs/PVA, and(c) PVA-func-
tionalized MWNTs/PVA composite fibers. Upper spectra: parallel to fiber
axis; lower spectra: perpendicular to fiber axis.

higher load transfer. However, the prices for MWNTs are much
lower than for SWNTs, and closer to commercial use. Although
the highest strength of the PVA/CNTs composite was achieved
at 2.6 GPa as reported in the literature,® SWNTs and the PVA
with much higher molecular weight (DP: 18,000) were used.
Our results show that enhancement of mechanical properties
can be achieved by using PVA-functionalized MWNTs and a
commercial DP grade of PVA (DP: 1700), which are beneficial
for industrial scale production.

CONCLUSIONS

MWNTs were functionalized with PVA through esterification
reactions. FTIR, Raman spectroscopy, TGA, TEM, and AFM
results showed that PVA chains were covalently bonded with
MWNTs.  Polarizing microscopy and particle size analysis
showed that PVA-functionalized MWNTs could be homogene-
ously dispersed in the solvent DMSO. PVA-functionalized
MWNTs/PVA composite fibers were prepared by gel spinning
and hot drawing. PVA-functionalized MWNTs/PVA (1 wt %)
composite fibers notably exhibit tensile strength and modulus as
high as 2.1 GPa and 34 GPa, respectively, showing a 75%
increase in tensile strength and 35% increase in modulus com-
pared with pure PVA fibers. The mechanical properties of PVA-
functionalized MWNTs/PVA (1 wt %) composite fibers were
also much higher than untreated MWNTs/PVA (1 wt %)

J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.38260



10

ARTICLE

composite fibers and carboxylated MWNTs/PVA (1 wt %) com-
posite fibers. WAXD results showed that PVA-functionalized
MWNTs could induce PVA molecular chains crystallization.
SEM micrographs of cross section of as-pun fibers and profiles
parallel to the fiber axis of the drawn fibers reveal PVA-func-
tionalized MWNTs were homogeneously dispersed in the PVA
matrix and orientated along fiber axis, the good compatibility
between PVA-functionalized MWNTs and PVA matrix was also
confirmed by TEM observation. Roman spectra analyses
revealed interfacial affinity between PVA-functionalized MWNTs
and PVA matrix. Raman spectra parallel and perpendicular to
fiber axis revealed high degree of orientation of the MWNTs in
the drawn composite fibers. Homogeneous dispersion of
MWNTs in PVA matrix, stronger interfacial adhesion between
MWNTs and the matrix, and uniaxial orientation of MWNTs
corporately result in higher mechanical properties of PVA-func-
tionalized MWNTs/PVA composite fibers.
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