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Abstract

High-strength composite fibers were prepared from polyvinyl alcohol (PVA) (Degree of

polymerization: 1500) reinforced by single-walled carbon nanotubes (SWCNTS)

containing few defects. The SWCNTs were dispersed in a 10 wt%

PVA/dimethylsulfoxide solution using a mechanical homogenizer that reduced the size

of SWCNT aggregations to smaller bundles. The macroscopically homogeneous

dispersion was extruded into cold methanol to form fibers by gel spinning followed by a

hot-drawing. The tensile strength of the well-oriented composite fibers with 0.3 wt.%

SWCNTs was 2.2 GPa which is extremely high value among PVA composite fibers ever

reported using a commercial grade PVA. The strength of neat PVA fibers prepared by

the same procedure was 1.7 GPa. Structural analysis showed that the PVVA component in

the composite fibers possessed almost the same structure as that of neat PVA fibers.

Hence a small amount of SWCNTSs straightforward enhanced by 0.5 GPa the tensile

strength of PVA fibers. The results of mechanical properties and Raman spectra for the

SWCNT composites suggest the relatively good interfacial adhesion of the nanotubes

and PVA that improves the load transfer from the polymer matrix to the reinforcing

phase.



1. Introduction

Single-walled carbon nanotubes (SWCNTs) [1, 2] are one of the most promising

candidates as reinforcing materials. Among reinforced composite materials, composite

fibers are popular approaches for utilizing SWCNTSs, because SWCNTSs can exert their

extreme performance along the tube axis, which is coincident with the molecular chain

axis in fiber. Thus, the uniaxial orientation of SWCNTSs in the fiber is highly desirable.

Numerous composites fibers reinforced by SWCNTs, such as poly(p-phenylene

benzobisoxazole) [3], polyacrylonitrile [4, 5], polyethylene [6], polypropylene [7] and

polyvinyl alcohol (PVA) [8, 9] have been reported for improvement of the mechanical

properties. While the introduction of SWCNTs enhances the tensile strength of the

matrix fiber, exfoliation and orientation of SWCNTs in polymer matrices remain a

challenge for achieving high tensile strength in SWCNT-reinforced fibers. The difficulty

of exfoliation of SWCNT bundles originates from SWCNT agglomeration arising from

intensive inner tube attraction due to great accumulation of van der Waals forces. The

result is insolubility and inferior dispersion of SWCNTSs in most organic and aqueous

solvents, and the agglomerates lower the effectiveness of reinforcement by nanotubes.

Although SWCNTs can be dispersed using surfactants [9, 10], there is a risk for the

surfactant to remain in the polymer matrix that may detrimentally effect the final



properties of composites. Dispersion of SWCNTSs by sonication is possible [11-13], but

it requires long treatment time and is also reported to be destructive for SWCNTSs,

decreasing its strength [14]. Thus a damage-free dispersion of SWCNTs without

sonication is desirable.

Some types of amphiphilic polymers, such as DNA and block copolymers

containing 2-methacryloyloxyethyl phosphorylcholine can efficiently disperse

SWCNTSs in solution media [15, 16]. PVA also possesses amphiphilic properties as well

as the ability to form fibers, and is one of the promising candidates for composite fibers

with excellent mechanical properties. PVA has been utilized as a high performance fiber,

and especially as a reinforcement fiber for concrete materials due to its high strength,

high modulus, good adhesive strength to concrete and high alkali resistance, which

enhances strength and crack resistance of concrete. With the recent development of

architectural technology and requirements for earthquake resistance of buildings,

increase in PVA demand as a replacement for steel fibers in concrete has been expected.

Further exploration is needed to attain still higher performance for PVA fibers.

In this work, we present preparation of PVA/SWCNT composite fibers through gel

spinning to enhance the tensile strength of PVA fiber by introduction of a small amount

of SWCNTs with relatively low defect. We also demonstrate a favorable method of



dispersion that yields nanoscale dispersions of SWCNT bundles in PVA solution

without addition of surfactant or use of sonication, to preclude nanotube destruction.

2. Experimental

2.1 Materials

PVA chip (Poval-HC, Kuraray Co. Ltd.) with degree of polymerization (DP) and

saponification ca. 1500 and 99.9%, respectively, was used in this work. The SWCNTs

were synthesized by a method called ‘enhanced-Direct Injection Pyrolytic Synthesis’

(e-DIPS) by a co-research group of the National Institute of Advanced Industrial

Science and Technology (AIST). SWCNTs had a purity of 97.5%, average tube

diameter ca. 2 nm, and average tube length 10-20 um. SWCNTs were used without

purification or treatment. Dimethyl sulfoxide (DMSO) purchased from Wako Chemicals

Industry Ltd. was used as received.

2.2 Sample Preparation

PVA chip was washed with distilled water to remove impurities such as sodium acetate,

and the polymer was dissolved in DMSO at 100 °C with agitation. Two PVA/DMSO

solutions were prepared, with PVA concentration 10 and 20 wt.%. SWCNTs were added

to the 10 wt.% PVA solution at three SWCNT contents, namely 0.05, 0.1 and 0.3 wt.%



relative to PVA content. The mixtures were then homogenized with a homogenizer
(PH91, SMT Co. Ltd. Japan) at rotational speed 18,000 rpm at 95 °C for 10 min.
Sufficient 20 wt.% PVA/DMSO solution was gradually added to adjust the PVA
concentration to 15 wt.% in the final solution. The mixture was stirred with mild
rotation at 100 °C for 2 h, and then deaerated in an oven at 80 °C for 12 h prior to
spinning. In this way, 15 wt.% PVA/DMSO solutions with varying concentrations of
SWCNTSs were prepared as spinning dope.

2.3 Gel Spinning and hot drawing

Gel spinning was carried out using a syringe pump and a syringe with needle. The
temperature of a heater surrounding the syringe was set at 120°C, and the
PVA/SWCNT/DMSO dispersion was injected at 0.38 ml min™ through a 0.57 mm
diameter hole needle into cold methanol maintained at a temperature between -10 and
-15 °C. The as-spun gel fibers were kept rotating in methanol at room temperature for
more than 24 h and subsequently dried in a vacuum oven at 60 °C for 4 h. The fibers
were drawn at 220 °C in an oven using a manual stretching apparatus. Draw ratios of
samples are mentioned in the ‘Result and Discussion’ section (Table 1).

2.4 Measurements

Scanning electron microscopy (SEM) was conducted with a Hitachi S-2380N



instrument after sputter coating the samples with platinum.

Transmission electron microscopy (TEM) images were obtained with a JEOL
JEM-2010 using a carbon-sputtered sample.

Raman spectra were recorded with a Hololab 5000 instrument using a 532 nm laser with
50 mW power. The power of the irradiated laser was adjusted by an attenuator not to
change the sample structure by laser irradiation. The measurement was carried out by 50
scans of accumulation for exposure time of 5 sec for each scan. For evaluation of
SWCNTSs orientation in the composite fiber, Raman scattering intensity of SWCNTSs
was measured in the VV measurement configuration (I'Vsier). In V'V configuration, the
polarizer and analyzer were parallel to each other.

Ultraviolet-visible (UV-Vis) spectroscopy was carried out using a Hitachi U-3500
UV-Vis spectrophotometer. Measurements were made at scanning speed of 300 nm
min™ in the wavelength range of 185-800 nm by the transmission method.

Wide-angle X-ray diffraction (WAXD) was carried out with a Rigaku Rotorflex
RU200B X-ray generator operated at 40 kV and 150 mA. The radiation was Ni-filtered
Cu-K, (wavelength 0.1542 nm).

Tensile testing was performed with an A&D Tensilon RTC-1250A at room temperature

with a 50 N load cell, gauge length 20 mm and crosshead speed 20 mm min™. The



experimental results were evaluated as the averages of at least 10 measurements.

3. Results and Discussion

To clarify the quality of SWCNTSs of this study, Raman spectroscopic measurement was
conducted. Figure 1 shows Raman spectrum of pristine SWCNTs. The bands were
observed at 1341 cm™ (D band) and 1592 cm™ (G band), corresponding to amorphous
carbon impurities and carbon nanotubes, respectively [17]. The band intensity at 1341
cm™ was extremely low, while the G-band had much higher intensity. The intensity ratio
(Ic/lp) is usually utilized for characterization of the structural perfection of
carbon-based materials. In the present case the Ig/lp value was 133, implying that the
SWCNTSs used had high degree of perfection. The extremely low intensity of the D band
is attributed to the relatively low defect of nanotubes in the raw material. Even a small
amount of structural defects greatly reduces the strength of ultra-high strength materials.
This Raman result suggested the possibility that such high structural perfection of
SWCNTSs could lead to high strength composite fibers. As shown in the inset of Figure 1,
the radial breathing mode (RBM) band was observed at 137 cm™ and the diameter of
the tube from the RBM band was estimated as 1.8 nm from the experimental

relationship of d = 248/v (d: diameter of CNT (nm), v:Raman shift (cm™)) [18].
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Figure 1 Raman spectrum of pristine SWCNTs.

As shown in Figure 2, TEM measurement was carried out to observe the pristine
SWCNTSs. Each single tube had diameter ca. 2 nm, which was approximately same with
the result of Raman measurement, and the diameter of bundles 10-20 nm was observed.

The observed darker spherical particles are the metal iron catalyst for SWCNT synthesis.



Figure 2 TEM image of pristine SWCNTSs.

For gel spinning of PVA, DMSO and methanol were selected as solvent and coagulant,
respectively, because these are frequently used industrially for producing high strength
PVA fibers [19-21]. SWCNT dispersions in neat DMSO and PVA/DMSO solution were

prepared using a mechanical homogenizer as described in the ‘Experimental’ section.

Figure 3 (a) DMSO/SWCNT (0.3 wt.%) dispersion, (b) PVA/DMSO/SWCNT (0.3
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wt.%), and (b’) optical micrograph of (b). In both (b) and (b") the PVA concentration is

10 wt.%.

Figure 3 shows photographs and an optical microscope image of dispersions containing

0.3 wt% SWCNTs with and without 10 wt.% PVA. Each was prepared by

homogenization for 10 min. In the DMSO system, the visible aggregates indicate poor

dispersion of SWCNTs. In contrast, SWCNTs were dispersed homogeneously at the

macroscopic level in the presence of PVA. This dispersion was unchanged in

appearance and stable for at least one month. The Raman spectrum of SWCNTSs and the

degree of polymerization of PVA were unchanged after homogenization, which means

that defects in SWCNTs and chain dissociation of PVA were not generated at the

microscopic scale. It was reported that defects introduced by oxidative pitting during

composite preparation markedly reduce fracture strength, and extensive pitting leads to

lower modulus [22, 23]. Moreover, the other potential source of large defects of

nanotubes was found by the use of sonication that caused strength underperformance

[11]. In the present study, the direct physical homogenizing process in the presence of

PVA made SWCNT dispersion in DMSO possible without sonication, and this

procedure is preferable for dispersing SWCNTSs. In addition, the pristine SWCNTSs are

cottony mat sample and likely to show weaker interaction between the tubes, making it

-11 -



possible to easily disperse in PVA/DMSO solution solely by mechanical

homogenization. In one experiment, pristine SWCNTs were wetted with DMSO and

dried by vaporization of the DMSO, and the SWCNTSs then became difficult to disperse

homogeneously in PVA/DMSO solution by our homogenizing process. The actual

reason is difficult to clarify. It is thought that the cohesive force between tubes was

enhanced by capillary force during the drying of DMSO. Hence the initial surface state

of SWCNTSs seems to have influence on its dispersion.
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Figure 4 UV-Vis spectra of PVA/SWCNT dispersions with different SWCNT contents.
(a) PVA solution, (b) PVA/SWCNT (0.05 wt.%) solution, (c) PVA/SWCNT (0.1 wt.%)

solution, (d) PVA/SWCNT (0.3 wt.%) solution. PVVA concentration in DMSO was 10
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wt.% in all the samples.

Further exploration of the dispersion quality of SWCNTs in PVA/DMSO solution
was carried out by UV-Vis spectrophotometry (Figure 4). When SWCNTs are exfoliated,
many separated sharp peaks are generally observed in the UV-Vis spectrum due to van
Hove transitions that arise from electronic transitions within one-dimensional density of
states [5]. Conversely, three-dimensional materials have continuous densities of state,
and consequently separated optical absorptions by van Hove transitions are not clearly
found in SWCNT bundles. In our experiment, there was no discernible absorption peak
in the wavelength range as showed in Figure 4, suggesting that bundles of SWCNTs
were not completely exfoliated in PVA/DMSO solution by the mechanical

homogenization process.

- 13-
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Figure 5 Absorbance at 600 nm in UV-Vis spectra of PVA/SWCNT dispersions with

varying SWCNT content.

Figure 5 shows the relationship between SWCNT content and absorbance at 600 nm
in UV-Vis spectra of PVA/SWCNT dispersions. The absorbance increased linearly with
SWCNT content, indicating that the dispersion states of SWCNTs were almost the same
in all dispersions.

The dispersion state of SWCNTs in PVA matrix was directly observed by TEM.
Figure 6 shows a TEM image of PVA/SWCNT (0.1 wt.%) thin film prepared by

spin-casting PVA/DMSO/SWCNT spinning solution. The bundle size of SWCNTs
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could be observed less than 10 nm, thus smaller than that of pristine SWCNTSs shown in

Figure 1. The mechanical homogenization in PVA solution reduced the bundle size of

SWCNTs and made homogeneous and stable dispersions at the microscopic level.

Although the SWCNTSs in the PVA matrix remained in bundle form, the bundle sizes

became smaller that was attributed mainly to both better dispersibility of pristine

SWCNTs and good affinity of PVA with SWCNTs. The addition of PVA obviously

improved the dispersion and the stability of SWCNTSs in the dispersion. This effect was

due to the interaction between the SWCNTs surface and PVA, which made it possible

for PVA molecules to wrap SWCNTSs, thus preventing their re-aggregation. To confirm

the interaction of SWCNTs and PVA, a PVA/ISWCNT/DMSO solution (same with the

sample of Figure 3 b) was diluted with distilled water, then the coagutation containing

SWCNTs was generated, and the coagulation was collected by centrifugation and

repeatedly washed with distilled water. After washing, the SWCNTs were observed by

TEM (Figure 7). The coagulant was well washed with water, a good solvent of PVA,

however, PVA still covered the SWCNT surface indicating the good existence of

adhesive force between SWCNTSs and PVA.
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Figure 6 TEM image of PVA/SWCNT (0.3 wt.%) spin-casted film.

Figure 7 TEM image of PVA/SWCNT aggregate after washing with distilled water.
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Figure 8 Raman spectra of (a) pristine SWCNT, (b) PVA/SWCNT (0.05 wt.%), (c)

PVA/SWCNT (0.1 wt.%), (d) PVA/SWCNT (0.3 wt.%) fibers.

Raman spectroscopy was utilized to obtain information on the influence of PVA on
the electronic structure of the SWCNTs. Figure 8 shows Raman spectra of neat
SWCNTs and PVA/SWCNT undrawn composite fibers with SWCNT concentrations
0.05, 0.1 and 0.3 wt.%. The peaks of the G bands for the composites were shifted to a
higher wave number by ca. 7 cm™. Previous experimental work has shown that doping
SWCNTSs with either electron donors or acceptors results in an obvious shift of certain

characteristic Raman vibration modes. The upshift of the Raman band at about 1590
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cm™ was attributed to charge transfer between SWCNTs and matrix polymer [24],
implying interaction between them. Thus, this result was a qualitative evidence to show
the affinity of SWCNTSs to PVA matrix.

Concering spinning, the viscosity of the spinning solutions doped with SWCNTs
was increased (neat PVA:1.05 Pa-s, PVA/SWCNT (0.3 wt.%):1.56 Pa-s at 120 °C),
consequently higher pressure was necessary to extrude the composite dispersions.
Moreover, those dispersions became more difficult to collapse during spinning, and the
length of the thread line of the solution passed though the air gap between the needle tip
to coagulant was increased with increase of loaded SWCNTs (neat PVA: 0 mm, and
PVA/SWCNT (0.3 wt.%): 11 mm). This result indicated that the spinnability was
enhanced by incorporating SWCNTSs.

The gel-spun neat PVA fibers exhibited good drawability in the hot-drawing process
and a maximum draw ratio of 26 was achieved. By introduction of SWCNTs the
maximum draw ratio of the composite fibers was reduced slightly to 23-24. However,
the appearance of the drawn fibers was smooth and homogeneous, and almost the same

as neat PVA fiber, as shown in the SEM images of Figure 9.
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Figure 9 SEM images of (a) neat PVA and (b) PVA/SWCNT (0.3 wt%) drawn fibers.

Table 1 Properties of drawn fibers of neat PVA and PVA/SWCNT composites

Sample Draw Diameter Tensile Young’s Elongation
ratio strength modulus
(nm) (GPa) (GPa) (%)
Neat PVA 26 38+3 1.7£0.1 28+3 11+0.8
PVA/SWCNT (0.05
24 4242 2.140.1 30+3 1140.1
wt.%)
PVA/SWCNT (0.1
24 40+4 1.9+0.1 33+3 10£0.9
wt.%)
PVA/SWCNT (0.3
23 42+4 2.240.1 364 1040.6
wt.%)

The tensile properties of neat PVA and PVA/SWCNT composite drawn fibers are

given in Table 1, and Figure 10 shows typical stress-strain curves for drawn fibers of

neat PVA and the PVA/SWCNT (0.3 wt.%) composite. The shapes of the stress-strain

curve for the composite fiber are almost linear and similar to that of neat PVA. However,

-19 -



the slope and the end point are higher for the composite sample. The data in Table 1
show that the tensile strength and Young’s modulus of the PVA/SWCNT composite
fibers are significantly improved compared to the neat PVA fibers. Notably, a tensile
strength of 2.2 GPa was achieved by incorporation of 0.3 wt.% SWCNT loading, thus a

small proportion of SWCNTs significantly enhanced the tensile properties of PVA

fibers.
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Figure 11 WAXD photographs of (a) neat PVA and (b) PVA/SWCNT (0.3 wt.%) drawn

fibers.

To understand the reason for the enhancement of tensile properties, structural

analysis was carried out using X-ray diffraction. Figure 11 shows WAXD photgraphs of

drawn fibers of neat PVA and PVA/SWCNT (0.3 wt.%) composite. The two patterns are

almost identical. The degrees of crystallite orientation for the PVA component were

determined from the diffraction peak of (101) plane as 0.984 and 0.990 for neat PVA

and the composite, respectively. For each sample, the crystallite size determined from

(101) using Scherrer’s equation are coincident at 5 nm. Thus, the PVA component

makes virtually equal contributions to the tensile strength of both fibers, and the tensile

strength enhancement is attributable to the extremely high strength of SWCNTSs.

Since the real tensile strength of SWCNTSs was not known, the strength was roughly

estimated from the equation [25];

-21 -



oc= nunoVios+ (1 — Vi)om
where o, oy, and o, are the strength of composite, reinforcing fiber and matrix polymer,
respectively. V: is the volume fraction of loaded reinforcing fiber. The fiber length
efficiency factor #_ varies between 0 and 1. The orientation factor 7, is equal to 1 for
fully aligned fibers. This equation is used to evaluate the nanotube contributions to the
strength of uniaxial composites if the strengths of the matrix, the composite and the
nanotube are known. In this case, we experimentally determined 7, to know SWCNTSs
orientation using the polarized Raman intensity. Figure 12 shows the G-band intensity
as a function of fiber rotation angle (¢) for PVA/SWCNT (0.3 wt.%) drawn fibers. The
intensity is decreased as the angle, ¢ between the polarization direction and fiber axis
increases from 0 to 90 °. From the following equation [26] for SWCNT orientation
distribution function, the orientation order parameters for SWCNTSs in the composite are

determined,;
Y (@) cos* @ — 2 cos? @ + ER cosl)) + 0 cos’ & — 2 (Py(cos 0)) +l
Fiber () X . 7 Cos 35 )\ 4(cost) 7 €08 7 )1 2 (cos 5

, Where the Raman intensity in the VV mode (1'Vfier) is proportional to second- and
forth-order orientation parameters (<P,(cosf)> and <P,4(cos#)>). & is the angle between

the SWCNT axis and the composite fiber axis. <P,(cos#)> is experimentally determined

-22 -
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Figure 12 Normalized G-band intensity as a function of fiber rotation angle (o) for

PVA/SWCNT (0.3 wt.%) drawn fiber.

parameter ().

From Figure 12, the value of #, (fswents) was determined as 0.96.

Since we do not know the real #, value, an effective nanotube strength that incorporates
only the length efficiency of the nanotubes, given by oesr= .07, is used. According to
our measurements o. and oy, have the values 2.2 and 1.7 GPa, respectively, and V=
0.003. This analysis gives effective nanotube strength of 175 GPa, which is relatively
comparable to the highest measured strength of carbon nanotubes (ca. 110 GPa) [11].

The SWCNTs used in this study have relatively high perfection of graphene structure as

-23-



shown in the Raman spectrum of Figure 1. On those grounds the estimated strength is
likely to be reasonable. Of course, the reinforcing effect needs efficient interfacial stress
transfer from PVA matrix to SWCNTs. As shown by the Raman spectra of the
composite in Figure 8, interactions based on charge transfer might bring the

considerably good interfacial adhesion.

Table 2 Tensile properties of PVA/SWCNT drawn fibers.

Tensile
SWCNT Young's modulus Elongation Reference
Strength
content (wt.%) (GPa) (%)
(GPa)
0.35 0.15 15 3 Vigolo (2000) [27]
60 1.8 80 105 Dalton (2003) [28]
3 1.1 35.8 8.8 Zhang (2004) [9]
0.35 1.6 14.5 11 Miaudet (2005) [29]
1 1.2 - 17 Wang (2007) [25]
1 2.6 71 6.2 Minus (2009) [30]
0.3 2.2 36 10 Current work

-24 -



To date, many attempts have been made to develop higher strength and higher

modulus PVA/SWCNT composites, because fabrication of PVA composites can utilize

solution techniques to mix and disperse nanofillers, and these techniques are easily

applied to traditional solution spinning technology. The mechanical properties that have

been achieved for PVA/SWCNT composite fibers, as reported in the literature, are

tabulated in Table 2. The highest strength of the composite was achieved at 2.6 GPa [30]

while using the PVA of much higher molecular weight (DP: 18,000). But our results

show remarkable SWCNT reinforcement for PVA matrix. The tensile strength of the

composite in this study has exceeded most of past results, although the neat PVA fiber

with conventional DP has even high strength of 1.7 GPa. The improvement of the

tensile strength originated from SWCNTs with high degree of perfection of nanotubes

and relatively well dispersed state. Enhancement of tensile strength can be achieved by

using a commercial DP grade of PVA, loading of a small content of SWCNTs without

any purification, and a simple mechanical homogenizing process for shorter time. These

features are beneficial for industrial scale production of PVA/SWCNT composite fibers.

4. Conclusions

-25-



PVA/SWCNT/DMSO dispersions can be obtained using a mechanical homogenizer

without surfactant or sonication. Due to their small length, SWCNTSs retained a pristine

structure through physical stirring even at high speed. The PVA/SWCNT/DMSO

dispersions were successfully spun into smooth-surfaced composite fibers through gel

spinning. PVA/SWCNT (0.3 wt.%) composite fibers notably exhibit tensile strength as

high as 2.2 GPa, an increase of 500 MPa from neat PVA fiber strength with loading of

only 0.3 wt.% SWCNTSs. The draw ratio and resultant tensile strength achieved in this

study for the gel-spun PVA/SWCNT composite fibers are the highest reported values for

commercial grade PVA. However, the increase in Young’s modulus and elongation at

break are not significant compared with previously reported values. This could be due to

deficiencies of SWCNTs loading in our work. We noticed that much higher loading of

nanotubes resulted in high viscosity PVA/SWCNT/DMSO dispersions that were

difficult to inject through a syringe pump during gel spinning. Thus more sophisticated

methodology is needed to enable higher SWCNT loading for fabrication of higher

strength PVA/SWCNT composite fibers. In addition, the processing conditions such as

concentration of PVA and drawing technique can further be optimized. This work

provides the basis for further investigations of those aspects of the process.
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