International Journal of Engineering Research & Technology (1JERT)
ISSN: 2278-0181

Vol. 4 Issue 08, August-2015

Mechanical Property of Parallel Polyvinyl
Alcohol Nanofibers Reinforced by MWCNTS,
and its Composites

Xinnan Wang, and Marshall Mcnea,
Department of Mechanical Engineering
North Dakota State University
Fargo, ND, USA 58108

Abstract - In this paper, electrospinning was used to create
parallel polyvinyl alcohol (PVA) MWCNTSs nanofibers. Epoxy
composites reinforced by PVA array and PVA/MWCNTSs
array were fabricated, respectively. Mechanical
characterization was performed. Through AFM analysis, the
morphology of the PVA fiber was much smoother and more
uniform than the MWCNT/PVA fiber. The elastic moduli and
hardness of PVA and MWCNT/PVA fibers from
Nanoindentation tests were calculated. The 15 wt% MWCNTs
exhibited significant improvement in the mechanical property.
Tensile testing shows that the epoxy sample reinforced with the
MWCNT/PVA parallel fiber arrays had the highest tensile
strength, followed by the plain epoxy control sample, and the
epoxy reinforced with PVA parallel fiber array. It was
postulated that the addition of the PVA fiber arrays in the
epoxy matrix weakens the overall mechanical property of the
composite. The elongation at break for the epoxy reinforced
with the MWCNT/PVA parallel fiber arrays was decreased
compared with the failure strain of the plain epoxy. It indicated
that the incorporation of MWCNTS in the epoxy matrix creates
composites with higher modulus and strength, especially with
the array of parallel reinforcing nanofibers in the matrix.

INTRODUCTION

Polymeric materials play an essential role in everyday
life due to their wide range of properties and
manufacturability. There has been intensive research focus
on polymer nanocomposites to tailor their mechanical
properties.[1-4] The properties of the resulting polymer
composites highly depend on the properties, geometry,
weight percentage, dispersion, and spatial orientation of the
nano reinforcements, etc., [5, 6] among which carbon
nanotube (CNT) has been an excellent one-dimensional
nano reinforcement material due to its remarkable structural,
chemical, electrical, and mechanical properties and
performance.[5, 7-10]

Electrospinning is a versatile technique that enables
mass production of long nano polymer fibers with a diameter
range of 50 nm up to a few micrometers. This technique has
been successfully used in drug delivery,[11] biological
scaffolds in tissue engineering,[12, 13] filtering
medium,[12, 14] and textile applications.[15] The principle
is that a polymer solution droplet on a capillary tip is
stretched with an introduction of an electric field to form a
Taylor cone[16]. When the electric field is sufficiently
strong, a charged jet of the polymer solution is ejected out
of the cone tip. The continuous charged nanofibers can be
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created by the whipping elongation of the liquid polymer
jet,[17] and form randomly orientated mats on a metal
collector frame.[18] The jet trajectory can be controlled by
an extra electric field at the collector. With the collector
properly designed and configured, and addition of
nanofillers in  the polymer solution, patterned
nanocomposites fibers mat can be synthesized. [18-26]
Parallel fibers can be fabricated by two parallel plates [27]
or atower collector. [28] Both designs use grounded parallel
collectors to achieve aligned fibers which related to the
manufacture of the plate design used to create fibers for this
set up.

As presented by Ge et al. the electrospinning of
MWCNT has been accomplished with polyacrylonitrile as
the polymer. [29] The importance of this study proves that
MWCNT can be placed into polymer sample in a highly
aligned method. As multi-walled carbon nanotubes
(MWCNTS) are less costly to produce, our study was to use
MWCNT to create composites where MWCNTs were
aligned. No functionalization treatments on the MWCNTSs
were used. Electrospun polyvinyl alcohol (PVA) fibers were
to be used to orientate the MWCNTSs while providing a
matrix in which they could be held in a parallel alignment.
This would allow for the fibers to be placed into a mold
before the epoxy would be introduced into the mold.

2. MATERIALS AND METHODS

Materials Fabrication

The purchased materials included PVA (My =60 kDa,
98% hydrolyzed) from Sigma-Aldrich, as received
MWCNTSs (outer diameter: > 50 nm, length: 10-20 pum) with
purity of >95% from Cheap Tubes Inc., and long cure epoxy
with associated hardener from Leco Co. as composite
matrix. Deionized water (18 MQ-cm at 22°C) was produced
from a Millipore Purification System (EMD Millipore).

Parallel nanofibers was produced by the home-made
electrospinner, schematically illustrated in Fig. 1. The setup
consisted of a syringe with a metallic needle (Analytical
West, Inc.), a syringe pump (Legato 100, KD Scientific, not
drawn), a Gamma high-voltage DC power supply, and a
grounded U-shape aluminum plate collector. The collector
was machined with five pairs of rectangular teeth having an
opening gap of 5 cm insulating gap, each tooth was 1 cm
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wide and the gap between the neighboring teeth was 1.5 cm.
The collector was put 12 cm under the needle tip. The main
control parameters for electrospinning included viscosity of
the solution, the syringe pumping rate, and voltage. The
viscosity was altered by using different concentrations of
PVA in the water solution so that uniform structured fibers
was finally fabricated. In a typical experiment, 15 wt.% PVA
aqueous solution was prepared, the pumping rate was 3
pL/min, and the applied voltage was10 kV. To dissolve PVA
and retain the water percentage in a media jar, the jar was
tightly capped and immersed in a beaker of water, and
magnetically stirred on a heating stage. A ceramic spacer
was put between the media jar and the beaker to avoid
excessive heat to PVA on the bottom of the jar. The solution
was stirred until complete PVA dissolution.[30-32] The
heating temperature was then gradually reduced from 95 °C
to 85 °C and kept for one hour; meanwhile the solution was
continuously stirred for two hours at a lower speed to
prevent PVA from clumping and introducing air bubbles
into the solution. The same procedure was applied to the
MWCNT/PVA solution, except that 1 wt.% MWCNTS were
added in the PVA solution and ultra sonicated for 45 min.
Parallel fibers were electrospun and collected across the
teeth gaps in a humidity-controlled plastic chamber.

For fabrication of epoxy composites reinforced by
parallel PVA and MWCNT/PVA fibers, respectively, a dog-
bone shaped sample mold with epoxy matrix (epoxy to
hardener volume ratio was 3:1) was put under the collector
and aligned with the teeth gap direction. A thick layer of
fiber arrays were embedded in the epoxy. Figure 2 shows
the dimensions of a dog-bone shaped sample. Three types of
specimens were fabricated for mechanical property
comparison: plain epoxy as the control sample, parallel PVA
fiber reinforced epoxy composite, and epoxy with parallel
MWCNT/PVA fibers reinforcements.

TESTING METHODS

To investigate the topography, geometry and
parallelizability of the PVA and MWCNT/PVA fibers, an
atomic force microscope (AFM, Dimension 3100, Bruker
Co.) was used to image the electrospun fibers that were
collected on a glass slide.

Prior to the mechanical property comparison of the
composite samples, the elastic moduli of the PVA and
MWCNT/PVA fibers were studied by nanoindentation
using a Hysitron TI 950 Tribolndenter. Due to the weak
adhesion between the fiber and the glass slide, electro-beam-
induced deposition (EBID)[33] technique was applied to fix
the fibers on the substrate at 1 um intervals to prevent the
fiber from sliding during indentation.

The indentation load and displacement of the Berkovich
indenter tip was recorded during indentation with a force
resolution of less than 1 nN and displacement resolution of
0.02 nm. The 50 nm-radius indenter tip imaged a fiber,
pinpointed the top surface of the fiber, and then make
indentations in situ. Based on the Oliver-Pharr method,[34]
the unloading stiffness was first obtained from the slope of
the initial portion of the unloading curve. Based on
Sneddon’s method,[35] the relation between contact
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stiffness S, contact area A, and reduced elastic modulus
E, is:

s=26 5, 1)

where S is a geometry factor depending on the indenter tip
shape (B = 1.034 for a Berkovich indenter).[34] The reduced
elastic modulus is the effective modulus combining the
moduli of the indenter tip and the specimen according to

1 1vE 1

5 Eff +4- 2
where E and v represent the elastic modulus and Poisson’s
ratio, respectively. The subscripts i and f denote the
indenter and fiber, respectively. For the diamond tip, E; =
1140 GPa, v; = 0.07.[34] v;=0.45 was used for both PVA
and MWCNT/PVA fibers.
From the load-displacement curve, the contact depth h, was
obtained by

he = Rpax — E%ﬂ (3)
where e is another indenter tip geometry factor (e = 0.75 for
a Berkovich indenter), h,,q, and F,, are the maximum
displacement and indentation force, respectively.

From the load v.s. displacement curve, nanoindentation

hardness can be obtained as

H= @
where F,,., is the peak load, A is the projected contact area.
Ten indentation tests were performed for each
MWCNT/PVA fiber and PVA fiber.

Uniaxial tensile tests were conducted on each
composite sample with an in-house designed micro tensile
tester. The tester has the displacement resolution of 33.2
nm, and the travel range is up to 57 mm. The strain rate was
set at 0.001 s*. All specimens were strained to failure. The
loading force v.s. sample elongation were recorded for
subsequent mechanical property analyses. Ten specimens
were tested for each sample.

RESULTS AND DISCUSSION

Both pure PVA and MWCNT/PVA nanofibers were
successfully fabricated by electrospinning. Figure 3 shows
an AFM height image of an array of electrospun fibers on a
glass substrate after 2 seconds of electrospinning. It suggests
the collector design enables a high degree of fiber
parallelism. The charges on the fibers, when approaching the
vicinity of the electrodes after being ejected, induce opposite
charges from the electrode surface, which increase the
attraction force between the fibers and the electrodes as the
separation becomes smaller. As a result, the fibers are led to
uniaxial alignment across the teeth gaps.[36, 37]

AFM was used to observe the morphology of the
nanofibers. The tapping mode height images of the two
representative fibers in Fig. 4a&b show that the PVA fiber
has a much smoother morphology and a more uniform
diameter than that of the MWCNT/PVA fiber. No individual
MWCNTs were found on the fiber surface, indicating the
MWCNTs were well embedded within the PVA fiber
matrix. From the cross section analysis (Fig. 4c&d), PVA
and MWCNT/PVA fibers have an average diameter of 340
+ 55 nm and 570 + 96 nm, respectively. The small bulges
and grooves along the MWCNT/PVA fiber indicates that the
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MWCNTSs are aligned along the fiber axis. The rough
surface of the composite fibers is ascribed to the 3D spatial
curvature of the MWCNTSs and the network formed by the
bent MWCNTSs themselves. [29] The variation of the fiber
diameters is bigger in MWCNT/PVA fiber than the PVA
fiber samples.

Nanoindentation was applied for probing the
mechanical properties of the PVA and MWCNT/PVA
fibers, as this technique provides localized mechanical
property comparing to the traditional mechanical
testing.[38] Figure 5(a) presents the typical load v.s.
displacement curves for PVA and MWCNT/PVA fibers.
The indentation was displacement controlled with 80 nm as
the maximum indentation depth to minimize the substrate
effect, a 5 second loading time, 0 second holding time, and
a 5 second unloading time. For the MWCNT/PVA fiber that
has an average diameter larger than that of the PVA fiber,
the indentation load reaches 25 N, a 67% increase to the
PVA fiber. The reinforcing effect is attributed to the
MWCNTs network and the interactions between the
MWCNTSs and the matrix that help resist bigger deformation
of the MWCNT/PVA fiber. Based on Egs. (1-4), the elastic
moduli and hardness of PVA and MWCNT/PVA fibers are
calculated to be 1.6 + 0.3 GPa, and 4.0 + 1.2 GPa,
respectively, shown in Fig. 5(b). The harnesses of PVA and
MWCNT/PVA fibers are measured to be 237 + 79 MPa, and
492 + 129 MPa, respectively. The 15 wt% MWCNTS
exhibits significant improvement in the mechanical
property. The relatively larger variations in both elastic
modulus and hardness for MWCNT/PVA fibers are most
likely due to the spatial positions and density distribution of
the MWCNTSs in the fibers.

By using the custom-designed micro/nano tensile tester,
fracture mechanisms and localized deformation can be
investigated. The typical tensile stress and strain curve for
the three types of epoxy samples is shown in Fig. 6(a). Itis
seen from Fig. 6(b) that the epoxy sample reinforced with
the MWCNT/PVA parallel fiber arrays has the highest
tensile strength of 66 + 15 MPa, followed by the plain epoxy
control sample (54 £ 7 MPa), and the epoxy reinforced with
PVA parallel fiber array (40 £ 10 MPa), which is similar to
the comparison result of the elastic moduli. As PVA polymer
is less stiff than the epoxy for this experiment, the addition
of the PVA fiber arrays in the epoxy matrix weakens the
overall mechanical property of the composite. During
straining, the relatively soft PVA fiber arrays may serve as
cushion for energy absorption and blunt the micro crack
noses to lower the crack propagation speed. The elongation
at break for the epoxy reinforced with the MWCNT/PVA
parallel fiber arrays is decreased compared with the failure
strain of the plain epoxy. It indicates that the incorporation
of MWCNTSs in the epoxy matrix creates composites with
higher modulus and strength, especially with the array of
parallel reinforcing nanofibers in the matrix.

CONCLUSIONS
In this paper, parallel polyvinyl alcohol electrospun
nanofibers reinforced by MWCNTSs and its reinforced epoxy
composite were fabricated, the mechanical characterization
was performed. Through AFM analysis, the morphology of
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the PVA fiber was much smoother and more uniform than
the MWCNT/PVA fiber. The elastic moduli and hardness of
PVA and MWCNT/PVA fibers from Nanoindentation tests
were calculated. The 15 wi% MWCNTs exhibited
significant improvement in the mechanical property. Tensile
testing showed that the epoxy sample reinforced with the
MWCNT/PVA parallel fiber arrays had the highest tensile
strength, followed by the plain epoxy control sample, and
the epoxy reinforced with PVA parallel fiber array. It was
postulated that the addition of the PVA fiber arrays in the
epoxy matrix weakened the overall mechanical property of
the composite. The elongation at break for the epoxy
reinforced with the MWCNT/PVA parallel fiber arrays was
decreased compared with the failure strain of the plain
epoxy. It indicated that the incorporation of MWCNTS in the
epoxy matrix created composites with higher modulus and
strength, especially with the array of parallel reinforcing
nanofibers in the matrix.
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Figure captions:
Figure 1. Schematic of the electrospinner setup for parallel
nanofibers fabrication.

Figure 2. Schematic of top and side views of a dog-bone sample.
Figure 3. AFM height image of parallel electrospun fiber array.

Figure 4. AFM height image of (a) PVA fiber and (b)
MWCNT/PVA fiber. AFM cross section view of (c) PVA fiber and
(d) MWCNT/PVA fiber.

Figure 5. (a) Representative nanoindentation load v.s. displacement
curves and (b) Elastic modulus and hardness for PVA and
MWCNT/PVA fibers.

Figure 6. (a) Representative tensile stress v.s. strain curve
comparison and (b) Tensile strength and elastic modulus
comparison for plain epoxy, parallel PVA fiber array reinforced
epoxy, and MWCNT/PVA parallel fiber array reinforced epoxy
specimens.
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