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The reinforcement effect of carbon nanotubes (CNTs) has been examined as a function of
their loading and aspect ratio in poly(vinyl alcohol) (PVA) based hybird fibers. Lignosulfonic
acid sodium salt (LSA) was used to disperse CNTs to produce consistently high CNT loaded
PVA-LSA-CNT hybrid fibers using an electrospinning process. The elastic modulus of indi-
vidual fibers was measured using atomic force microscopy. The presence of CNTs signifi-
cantly increased the average elastic modulus of PVA-LSA-CNT fibers compared to PVA-
LSA fibers. The elastic modulus, however, exhibited no fiber diameter dependency. Trans-
mission electron microscopy (TEM) was used to determine the loading and the aspect ratio
of CNTs in each hybrid fiber. The CNT loading in PVA-LSA-CNT fibers varied widely due to
non-uniform CNT dispersion and displayed no relationship with the elastic modulus. Our
results also demonstrated that the average value of CNT aspect ratio significantly affected
the elastic modulus of the hybrid fibers. Such a result was in agreement with theoretical
prediction in which the stress transfer efficiency in a composite matrix is strongly depen-
dent on the CNT aspect ratio.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction als, capitalizing on the superior mechanical properties [12] of

CNTs for mechanical reinforcement [13]. The mechanical

Carbon nanotubes (CNTs), first observed in 1952 [1,2], display
exceptional mechanical [3], thermal [4] and electrical [5] prop-
erties. Such features have motivated the use of CNTs as
nanofillers in polymer matrices to form composite materials
for various applications such as filters [6], field-emission dis-
plays [7], nanosensors [8], thermal interface materials [9] and
for drug delivery [10]. In 1994, Ajayan et al. [11] were the first
to propose the fabrication of CNT-polymer composite materi-

* Corresponding author: Fax: +1 519 850 2308.
E-mail address: wkwan@eng.uwo.ca (W. Wan).

properties of CNT-polymer composite materials primarily de-
pend on the dispersion [14], orientation [15], loading [16] and
aspect ratio [17] of CNTs in the composite matrix.

For the fabrication of CNT-polymer composite materials,
most methods begin with dispersing CNTs in a polymer solu-
tion. Increasing CNT concentration in the solution will de-
crease the uniformity of CNT dispersion, i.e. increasing CNT
agglomeration (bundling) [14]. This observation thus provides
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a plausible explanation for the demonstrated improvement in
mechanical properties at low concentrations but adverse
effects at high concentrations [18-20]. Any less-than-ideal
dispersion of CNTs can cause problems in fabricating com-
posite materials, especially for fibers with sizes comparable
to CNTs. CNT concentration in the solution (nominal loading)
is not directly correlated to the physical loading in the fiber.
Therefore, CNT loading can be non-uniform across the fiber
and causes variability in the reinforcement effect from sam-
ple to sample.

CNT aspect ratio is one important parameter that signifi-
cantly affects the amount of stress transfer from the matrix
to CNTs in composite materials as shown in theoretical stud-
ies [21]. Tucker and Liang [17] summarized five different phys-
ical models, including Halpin-Tsai [22], and suggested that
under strictly idealizing assumptions such as axisymmetric
orientation and mono-dispersity in shape and size, the over-
all mechanical properties of composite materials significantly
vary with the aspect ratio of the reinforced CNTs. However,
these assumptions are difficult to experimentally achieve be-
cause CNTs coil and agglomerate to form bundles. Sonication
is commonly used to improve CNT dispersion and prevent
agglomeration, but this process often breaks the CNTs into
shorter fragments at the locations of intrinsic defects
[23,24]. Hence, few CNTs with sufficient lengths are retained
in the matrix at nanometer scale. To date, only few consistent
results from CNT reinforcement are available for composite
materials. To further our understanding of CNT-polymer hy-
brid materials, an accurate determination of the distribution
of the CNT aspect ratio is as important as determining the
CNT loading inside the matrix as both factors are required
to correctly predict the CNT reinforcement in composite
materials.

CNT orientation is another parameter with a strong effect
on properties of the composite materials [25]. Wang et al. [15]
showed that the mechanical properties are improved when
CNTs are aligned parallel to the applied stress. Unlike silica
nanospheres or clay nanodisks, CNTs have a high aspect ra-
tio, i.e. their orientation can change from isotropic (highly
random orientation) to anisotropic (with a high fraction of
aligned CNTs) and altering the properties of the composite
materials. Haggenmueller et al. [26] showed that smaller spa-
tial confinement increases the degree of CNT alignment. To
achieve a high level of CNT alignment, Geo et al. [27] proposed
the use of electrospinning to manufacture CNT-polymer com-
posite nanofibers.

This paper advocates the use of lignosulfonic acid sodium
salt (LSA) to effectively disperse [28] pristine CNTs in water to-
wards the fabrication of hybrid fibers based on poly(vinyl
alcohol) (PVA). PVA has good thermal stability, chemical resis-
tance and biocompatibility [29]. Dissolved in water and etha-
nol, it can be used in electrospinning [30]. The elastic
modulus of individual fibers is measured using atomic force
microscopy (AFM) multi-points bending test [31]. Transmis-
sion electron microscopy (TEM) is used to measure the load-
ing and the aspect ratio of CNTs in each individual hybrid
fiber. Such collective results allow us to comment on the ef-
fect of fiber diameter, CNT loading and CNT aspect ratio on
the mechanical properties of the hybrid fibers.

2. Experimental

2.1. Materials  and
electrospinning

processing  parameters  for

7.2 wt.% PVA (M, = 89,000-98,000 g/mol, 99+% hydrolyzed, Sig-
ma-Aldrich), 0.8 wt.% LSA (average M, = 3000 and My, = 8000,
Sigma-Aldrich) and 0.4 wt.% MWCNTs (hollow structure mul-
tiwalled carbon nanotubers with purity >95%, CheapTubes
Inc.) were dissolved/dispersed in a solvent consisting of 75%
deionized water and 25% ethanol. The solution was sonicated
for 1h prior to electrospinning. PVA-LSA-CNT hybrid fibers
were electrospun using an electric field of 18 kV over a dis-
tance of 24 cm between the syringe needle and the grounded
collector. The solution was fed at 0.12 ml/h. A TEM grid (with
7.5x7.5 um? square meshes, Structure Probe Inc.) was used
on a silicon substrate to collect individual, isolated electro-
spun fibers at the collector.

Two additional solutions were prepared for electrospin-
ning and produced fibers using the same procedure: (1)
7.2wt.% PVA and 0.8 wt.% LSA in 75% deionized water and
25% ethanol and (2) 8 wt.% PVA in 80% deionized water and
20% ethanol. PVA-LSA fibers and PVA fibers were prepared
and measured for comparison.

2.2 Raman spectroscopy

Raman spectra of pristine CNTs and PVA-LSA-CNT hybrid fi-
bers were acquired by a Raman analyzer (LabRAM HR 800,
Horiba/Jobin Yvon, Longjumeau, France) equipped with a fre-
quency-doubled argon ion 514.5nm laser operating at
100 mW (lexel 95-SHG, Cambridge Lasers Laboratories, Fre-
mont, CA). A CCD detector at —75 °C recorded spectra with a
resolution of 0.3 cm™ pixel™ based on an 800 mm focal length
of the LabRAM HR. The instrument was wavelength-cali-
brated with a silicon wafer based on a static spectrum cen-
tered at 521 cm™.

A scanning electron microscopy (SEM) micrograph of
PVA-LSA-CNT hybrid fibers is shown in Fig. la. The mat
consisting of the hybrid fibers was characterized using Ra-
man spectroscopy at two different spots with the results
shown as the upper two spectra in Fig. 1b. A Raman signa-
ture of CNTs (from CNT-dimethylformamide solution) was
also obtained and shown in Fig. 1b. The three major Raman
peaks of pristine CNTs matched in the spectra of the hybrid
fibers confirmed the presence of CNTs in the polymer
matrix.

2.3. AFM nanomechanical measurement

Mechanical testing of individual fibers was performed using a
multi-mode AFM with a Nanoscope Illa controller (Veeco
Instruments) at room temperature and relative humidity of
<9% (nitrogen gas ambient). A triangular silicon nitride canti-
lever (NP Series Probes, Veeco Instruments) with a nominal
spring constant of 0.32N/m was chosen for imaging and
mechanical testing of PVA-LSA-CNT, PVA-LSA and PVA fibers.
The actual spring constant (k) was determined using the ther-
mal noise technique [32] as k=0.22 +0.01 N/m. This value
was periodically verified during the experiments.
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Fig. 1 - (a) SEM image of PVA-LSA-CNT fibers, (b) Raman

spectra of CNT and two different spots of PVA-LSA-CNT fiber
mat.

Mechanical testing was performed in the AFM force-vol-
ume mode [31]. The force spectra were acquired for positions
in an array of 64 x 64 pixels spanning square regions of 4.0-
6.5 um width. The acquired data were extracted from the
force-volume images and analyzed using the Igor Pro soft-
ware package (Wavemetrics) with a custom analysis routine.
The clamped beam model was used for determining the
Young’s modulus of the fiber [31]. 26 PVA-LSA-CNT, 22 PVA-
LSA and 25 PVA fibers with suspended lengths between 3.5
and 6.5 um were chosen on three separated TEM grids for
AFM nanomechanical testing.

In each case, suitable fibers were precisely located on a TEM
grid using optical microscope images prior to SEM, AFM and
TEM measurements. A particular PVA-LSA-CNT fiber is shown
in the SEM image of Fig. 2a (captured by Leo 1530 at 2 kV), AFM
force-volume image of Fig. 2b and TEM image of Fig. 2c (cap-
tured by Hitachi S-570 at 100 kV). The fiber diameter D was
determined from the SEM micrograph on the suspended por-
tion by averaging the diameter measurements at 10 locations.

3. Results and discussion
3.1.  Effect of the fiber diameter on the elastic modulus

Fig. 3a shows the elastic moduli of PVA-LSA-CNT hybrid fi-
bers with diameters ranging from 145 to 250 nm. To compare

EHT = 2.00 kv
WD= 8mm

Signal A = SE2

1 um
Mag= 1200KX | ——

Fig. 2 - (a) SEM image, (b) AFM force-volume image, and (c)
TEM image of the same PVA-LSA-CNT fiber suspended on a
TEM grid.

the effect of CNT reinforcement introduced into the fiber ma-
trix, the elastic modulus of PVA-LSA (with no CNT) fibers
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Fig. 3 - Plots of elastic modulus vs. diameter of: (a) 26 PVA-
LSA-CNT, (b) 22 PVA-LSA and (c) 25 PVA fibers, with the
inserts showing a profile of the average elastic modulus in
each diameter range.

with a similar diameter range of 142-255 nm (Fig. 3b) and PVA
fibers with 152-253 nm in diameter (Fig. 3c) were also mea-
sured. The error bars are due to the experimental uncertain-
ties of the spring constant calibration, the measurement of

the fiber diameter and the fitted parameter of the elastic
modulus.

The average elastic modulus of all PVA-LSA-CNT fibers
with an average diameter of 190 + 6 nm was estimated to be
5.3 + 0.4 GPa. The uncertainties were the standard error (SE).
PVA-LSA fibers had an average elastic modulus of
4.0 + 0.2 GPa with an average diameter of 197 + 6 nm. PVA fi-
bers with an average diameter of 192 + 6 nm had an average
elastic modulus of 14 + 1 GPa. The results thus indicated that
for essentially the same diameter range, there was a signifi-
cant difference in elastic moduli (one-way ANOVA; P =0.02)
between PVA-LSA-CNT fibers and PVA-LSA fibers. PVA fibers
exhibited significantly higher mean elastic modulus (one-
way ANOVA; P < 0.01) than PVA-LSA-CNT or PVA-LSA fibers.

Each data set was divided into 6 groups based on the diam-
eter of the fibers and plotted against the average elastic mod-
ulus (+SE) of each group as shown in the inserts of Fig. 3a—c.
For the PVA-LSA-CNT hybrid fibers, one-way ANOVA results
revealed that the elastic modulus had no diameter depen-
dence as each group was insignificantly different from the
others. For PVA-LSA fibers, the 140-160 nm diameter group
was significantly different (P < 0.01) to the 220-240 nm diame-
ter group. A comparison between the 140-160 nm and 240-
260 nm could not be made as only one fiber was accounted
for the latter group. All other groups with sufficient fibers
were insignificantly different from each other. For PVA fibers,
the 140-160 nm diameter group was significantly different
(P <0.02) from the three groups with diameters ranging from
200 to 260 nm. The 180-200 nm diameter group was signifi-
cantly different (P<0.05) to two groups between 220 and
260 nm. The remaining groups were determined to vary
insignificantly.

3.2.  Effect of LSA in PVA-LSA-CNT fibers

In order to disperse CNTs in PVA solution for electrospinning
hybrid fibers, the LSA content was intentionally increased
from what Liu et al. [28] proposed (1.5 mg LSA per 1 mg CNTs)
to 2 mg LSA per 1 mg CNTs in the solution to induce a signif-
icant plasticizing effect [33,34]. The elastic moduli of PVA fi-
bers exhibited a significant size-dependence, increasing
from 8 to 17 GPa as the diameter decreases from 250 to
150 nm. These values of the elastic modulus were signifi-
cantly higher than the PVA bulk modulus of 1.7 GPa [35]. We
anticipated the elastic modulus of PVA fibers would increase
continually as the diameter decreases below 150 nm. Similar
size-dependent effects were observed for other electrospun
polymer fibers [36,37] which could be attributed to the size in-
crease of the supramolecular structure [36], consisting of
aligned domains of the polymer chains. These results showed
that the diameter onset of this size-dependent effect was
polymer dependent. Elastic moduli in the comparison study
[36] were reported to increase exponentially over a wider
diameter range than as our suggested data (Fig. 3c). The ex-
cess LSA integrated into the PVA was expected to minimize
the size-dependent effect on PVA fibers as well as reduce
the overall elastic modulus of the matrix. As shown in
Fig. 3b, LSA significantly minimized the change in the elastic
modulus with values ranging from 2.9 to 5.4 GPa for the diam-
eter range of 142-255 nm. This measurement was necessary
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to assess the effect of the change in the elastic moduli of PVA-
LSA-CNT hybrid fibers (in the same diameter range) induced
by CNT reinforcement. As a result, the data (Fig. 3a) from all
studied PVA-LSA-CNT fibers illustrated a significantly higher
degree of scattering in the elastic modulus, but no significant
diameter dependency. However, we observed a significant
33% overall improvement of elastic modulus for the PVA-
LSA-CNT system relative to the PVA-LSA matrix. This allowed
us to experimentally investigate the CNT reinforcement effect
introduced into the nanometer matrix based on the loading
and aspect ratio of CNTs.

3.3. Effect of the CNT loading on the elastic modulus

The amount of CNTs in each PVA-LSA-CNT fiber was deter-
mined by analyzing high resolution-TEM micrographs using
the Java-based image processing program Image] (National
Institutes of Health, Bethesda, MD). Several TEM images were
captured along the suspended section of the hybrid fibers on
the TEM grid, and combined to provide one composite image
in Fig. 4 (showing the same fiber as in Fig. 2). The average
diameter of CNTs in the hybrid fibers is d =4.3 nm with a
standard deviation of 0.4 nm. The total CNT cross-sectional
area was calculated by multiplying the sum of the contour
length projected on the TEM image plane for every CNT in
each hybrid fiber. The cross-sectional area of each hybrid fiber
was calculated from the surface outline based on the
composite TEM image. The percentage of the total CNT
cross-sectional area in the hybrid fiber in Fig. 4 is 23+2%
(cross-sectional area fraction). For all studied hybrid fibers,
the average CNT area fraction (+SE) was 16 + 5% (a maximum
of 26% and a minimum of 7%).

The data set was divided into 5 groups and plotted against
the average elastic modulus (+SE) of each group in Fig. 5. The
average elastic modulus of PVA-LSA fibers is shown as the
first data point at the left. The last data point for 23-27%
was based on one entry and thus excluded from further anal-
ysis. One-way ANOVA tests show that the elastic modulus of
the hybrid fibers did not significantly vary between the 4
intervals of the CNT cross-sectional area fraction. No signifi-
cant improvement in the elastic modulus over PVA-LSA fibers
was observed regardless of the amount of CNTs.

Of interest was the comparison of the LSA dispersion
method with other surfactant-based dispersion methods
[38] such as sodium dodecyl sulfate for PVA-CNT hybrid fibers.
Our procedure was able to fabricate hybrid fibers with consis-
tently high CNT loading as indicated by Raman spectra
(Fig. 1b) and TEM (Fig. 4). The CNT loading was measured from
the composite TEM images with the results presented as the
CNT cross-sectional area fraction. Within the average area
of 200 nm (diameter) x 4.7 um (length), the values varied from
7% to 26% for all studied hybrid fibers. This method generally
undervalued the true loading inside the fiber because TEM
could not identify overlapped CNTs along the electron beam.
However, the distribution of the CNT loading in each hybrid
fiber clearly demonstrated that imperfect dispersion and
agglomeration significantly affected the uniformity of the
CNT loading in a nanoscale matrix. Therefore, we anticipated
heterogeneous properties in terms of CNT-induced function-
alities at the nanoscale of hybrid fibers. For future studies, it

Fig. 4 - A composite picture of four TEM images taken from
different part of the same hybrid fiber as shown in Fig. 2.

is of utmost importance to determine the physical CNT load-
ing in the fibers instead of using the nominal CNT loading in
the solution in order to obtain proper results.

Fig. 5 shows no significant difference in elastic modulus
among the six data intervals of the CNT loading. Such data
were not in agreement with theoretical prediction [17], in
which mechanical properties should increase as loading in-
creases. These physical models, however, are based on sev-
eral restrictive idealized assumptions for CNTs such as a
fixed aspect ratio, uniform dispersion with no agglomeration
and an aligned orientation in the composite materials. Our
experimental data suggested that once CNT loading reached
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a certain level, the CNTs inevitably formed bundles or clusters
and distributed non-uniformly as a segment of a hybrid fiber
shown in Fig. 6. Accordingly, most physical simulations tend
to overestimate the mechanical properties of the composite
system at high levels of CNT loading [39], especially for sys-
tems with nanoscale morphologies. This was the main reason
that an increase of area fraction from 7% to 26% in the CNT
loading failed to steadily improve the stiffness of PVA-LSA-
CNT fibers.

Fig. 6 - A TEM image of segment of a hybrid fiber with
cluster of coiled/bundled CNTs.

3.4.  Effect of the CNT aspect ratio on the elastic modulus

The displacement length of each CNT was also measured
from the composite TEM images. Clusters with multiple
CNT coiled together as shown in Fig. 6 were treated as one
individual CNT. Data were then converted to a projected
length (I) parallel to the axis of the hybrid fiber. With the aver-
age diameter (d) of CNTs introduced in the previous section,
we determined the effective CNT aspect ratio (I/d) for each hy-
brid fiber.

Fig. 7 is a plot of the CNT aspect ratio distribution fitted
with a lognormal distribution function for the hybrid fiber
shown in Fig. 4. The standard deviation (o) of this lognormal
fit is 0.45 + 0.06. For all studied hybrid fibers, the value of ¢
varied from 0.34 to 0.81, with an average value of 0.55 + 0.13.
The average CNT aspect ratio of the hybrid fiber was esti-
mated to be 36, ranging from 13 to 83 as shown in Fig. 4. For
all hybrid fibers, the average CNT aspect ratio (+SE) was
34 + 5 (maximum =43 and minimum = 24).

In Fig. 8, the average CNT aspect ratio of the hybrid fibers
was divided into 5 groups and plotted against the average
elastic modulus (+SE) of each group. The average elastic mod-
ulus of PVA-LSA fibers was included in the plot at the left.
One-way ANOVA tests confirmed no significant difference in
elastic modulus between PVA-LSA fibers and the first three
groups of hybrid fibers. Starting from the group of 36-40, the
average elastic modulus increased significantly (P <0.01)
compared to PVA-LSA fibers, but remained insignificantly dif-
ferent to the first three groups of hybrid fibers with the lower
average aspect ratio ranges. The last group at 40-44 exhibited
an average elastic modulus significantly different (P < 0.01) to
all first four groups except for the group of 36-40.

To investigate the effect of CNT aspect ratio (I/d) on the
elastic modulus of a hybrid fiber, the projected length (I) of
CNTs was determined using the method described above.
This was correlated to the basic physical assumptions for
CNTs in the physical models [17]. For simplification, those
studies always assume that CNT is straight and aligned in
the matrix with no curling or buckling. The distribution of
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Fig. 7 - A plot of CNT aspect ratio distribution with
lognormal distribution function fit.
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the CNT aspect ratio inside each fiber was expected to closely
resemble the distribution in the solution, i.e. both dispersion
and agglomeration were neglected. Our data show, however,
that the distribution of the CNT aspect ratio (e.g. in Fig. 7) in
all studied hybrid fibers was different. The average value of
the CNT aspect ratio in the hybrid fibers varied from 24 to
43. However, the average value of the aspect ratio could not
represent the state of stress transfer for all CNTs loaded in
the matrix without considering the distribution of the aspect
ratio. As Jiang et al. [40] concluded, the symmetry of the as-
pect ratio distribution can significantly affect the overall
mechanical properties as a function of the CNT loading. We
used a lognormal distribution function to fit the aspect ratio
distribution. The standard deviation (¢) of the lognormal
function (defining the symmetry of the distribution) was
determined from the fit with a range of 0.34 to 0.81 for all
studied hybrid fibers. Thus, the results were not sufficient to
correlate the parameter ¢ to the elastic modulus of the hybrid
fibers. However, Fig. 8 revealed that a significant improvement
in the elastic modulus of the hybrid fibers was observed as the
average value of the aspect ratio reached above 36. These val-
ues fall into the range (between 10 and 50) in which dramatic
changes in the stress transfer along CNT has been predicted
[21] in both an analytical model and a finite element model
for the longitudinal modulus. This clearly indicated a signifi-
cant role of the CNT aspect ratio in CNT reinforcement which
affected the effectiveness of the stress transfer at any given
CNT loading.

4, Conclusions

LSA was capable of dispersing CNTs in water and PVA for the
preparation of hybrid fibers using the electrospinning tech-
nique. The elastic modulus of PVA-LSA-CNT hybrid fibers
was comparable to that of PVA and PVA-LSA fibers. PVA fibers
exhibited a size-dependence of the elastic modulus, i.e. the

moduli increase with decreasing fiber diameter. With LSA
added into the PVA matrix, the overall elastic modulus de-
creased by 71%. In turn, PVA-LSA-CNT fibers with an elastic
modulus 33% higher than PVA-LSA fibers did not display a
theoretically predicted improvement over PVA fibers. Such
behavior suggested that another approach is needed to fur-
ther improve the mechanical properties of the PVA system.
Despite sonication and use of LSA, bundling and non-uniform
dispersion of CNTs still occurs in each fiber. As a result, the
CNT loading in all studied PVA-LSA-CNT fibers varied be-
tween 7% and 26%, different significantly from the nominal
loading in the solution. The CNT loading shows no correlation
to the elastic modulus. However, the increase of the average
CNT aspect ratio from 24 to 43 was correlated with a signifi-
cant upward trend in the elastic modulus of the hybrid fibers
as predicted, regardless of the CNT loading and the fiber
diameter. As the efficiency of the stress transfer in a compos-
ite matrix largely depends on the CNT aspect ratio, future
improvement of mechanical properties should focus on max-
imizing the CNT reinforcement effect, based on the aspect ra-
tio of CNTs rather than the CNT loading.
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