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ABSTRACT: The extraordinary structural properties of graphene and carbon nanotube materials motivate the development of practical
methods for their use in fabricating continuous, strong, and tough composite fibers. Poly(vinyl alcohol) (PVA)/carbon nano-chip
fiber (CNCF) composite tapes with 0.5 wt % loading show that Young’s modulus, tensile strength, and toughness are increased by
585%, 653%, and 20%, respectively as compared to the control (PVA) tapes. Nano-chips exfoliated from the CNCF during process-
ing, lubricate polymer chain alignment, and orientation during drawing, where composite tapes could be drawn to higher draw ratios
compared with the control tapes. As a result, the Herman’s orientation factor (f) increased from 0.5 (control tape) to 0.8 (composite
tape). Theoretical analysis shows ~ 16 vol % of the composite tapes consists of fully oriented PVA chains, which contributes to its

exceptional mechanical performance. © 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000-000, 2012
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INTRODUCTION

Similar to carbon nanotubes, interest in graphene (be it in the
form of platelets/sheets, ribbons, stacked fibers, or chips) is
mainly due to their excellent mechanical,"” electrical,”® and
thermal properties.” In addition, graphene has also been
reported as one of the strongest materials measured (i.e., modu-
lus ~ 1 TPa and tensile strength ~ 130 GPa).? For researchers
working with engineering polymers, incorporating high strength
and modulus graphitic materials into the polymer matrix is
very attractive for improvement in mechanical performance.
Some polymers studied include, poly(methyl methacrylate),*”
epoxy,® poly(vinyl alcohol) (PVA),”™' nylon-6,">"* nylon-12,"*
polyacrylonitrile,'> polystyrene,'® polyelectrolyte,'”” poly(lactic
acid),"®  polyurethane,'™*®  polyamide,”" chitosan,”>** and
polycarpolactone.**

There are several key aspects for polymer/graphitic composite
materials design and mechanical behavior: (i) the structural
control and preservation of the nano-fillers; (ii) the dispersions
of isolated graphene layers or individual (exfoliated) nanotubes
within the polymer matrix; and (iii) the interfacial interactions
between the nano-filler and the polymer chains. Structural con-
trol of the graphitic materials is mostly influenced by synthesis
processes, and this would determine their aspect ratio, morpho-
logy and dimensions, crystalline structure, purity, and proper-
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ties.>> Obtaining homogeneous dispersions of nano-fillers in the
polymer matrix remains a challenge; however, it has been
achieved using several methods including, chemical and physical

26-28 : : : 10,15
as well as mechanical dispersion.

functionalization,
Good interfacial bonding between matrix and filler provide
effective stress transfer, which at the macroscale result in
strengthening or hardening of the composite materials. Mecha-
nisms for interfacial interactions in nano-composites include
weak van der Waals, micromechanical interlocking, as well as

chemical bonding.*~*?

PVA has also been extensively used as reinforcement fibers for
concrete materials to retard fracture or crack initiation, due to
its relatively high modulus and strength, adhesive strength, and
alkali resistance. With further development of PVA nano-com-
posites, it is expected that stronger PVA fibers could be used to
replace steel fibers in concrete.’”® So far, PVA has been exten-
sively studied in conjunction with various nano-carbons like
graphene,”®® and single-wall carbon nanotubes (SWNT) to
fabricate high-performance fibers and composite films.'>**~7
Several of these studies have shown the ability of these nano-
carbon filler to modify and influence the morphology of the
PVA in the composite.'”*®*® These nucleation, crystallization,
and orientation effects are especially observed in composites
with low nano-carbon loading (<1 wt %), and have a
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significant impact on the overall structure and properties of the
composite material.'™'® Fundamental knowledge of how these
nano-fillers influence the polymer morphology during composite
processing is still lacking. Therefore, it is beneficial to study the
effects of low loadings of nano-carbons in polymer composites to
understand their role on polymer morphology formation.

In this work, the effect of adding carbon nano-chip fibers
(CNCF) (i.e., stacked nano-fibers consisting of few-wall carbon
nanotubes [FWNT] with aspect ratio ~ 1) into PVA composite
tapes is studied. By introducing a low concentration of CNCF
(0.5 wt % loading) into the PVA matrix (i.e., without either
chemical modification or addition of surfactant), a dramatic
enhancement in chain orientation during tape drawing is
observed for the composite as compared with the control tapes.
The nano-chips act to lubricate polymer chain extension. There-
fore, composite tapes exhibit well-development long-range crys-
talline order, and as a result, significant modulus and tensile
strength improvement is also observed.

EXPERIMENTAL

Materials

As-produced, nano-chips (i.e., flattened FWNT with aspect ratio
~ 1, consisting of six to eight walls) stack to form nano-fibers.
CNCFs were purchased from Catalytic Materials LLC (width ~
100 nm, average length ~ 1000 nm, purity > 99 wt %, density
~ 2.2 g-cmfs, and surface area ~ 120 m2~g71). Mowiol 56-98
PVA (M,, ~ 105,600 g~m0171) was obtained from Kuraray
America. Dimethyl sulfoxide (DMSO) was purchased from
Fisher Scientific (CAS# 67-68-5, lot# 092053). All the materials
were used as-received without further modification.

Preparation of Control PVA and Composite Tapes

The PVA solution was made by dissolving 30.8 g PVA into 200
mL DMSO at ~ 90°C. For the composite solution, 6.6 g of
PVA was first dissolved into 100 mL DMSO, then 154 mg of
CNCF was added into the polymer solution and sonicated
(Fisher F530 bath sonicator, 43 kHz, 150 W) for 24 h until
optically homogeneous dispersions were formed. Subsequently,
24.2 g of PVA and an additional 100 mL DMSO was added to
the PVA/CNCF/DMSO dispersion. The additional PVA was dis-
solved at ~ 90°C, and the entire solution was stirred for 24 h
to obtain an optically homogenous spinning dope. The overall
solid concentration of the CNCF in the dope was 0.5 wt %.

Both the control PVA and PVA/CNCF composite tapes were
spun using dry-jet wet spinning. The solutions were extruded
using a syringe pump (Nexus 6000, manufactured by Chemyx)
through a slit die (0.125 inches by 50 pum) at a rate of 4
mL-min~". The as-spun tapes passed through a methanol coag-
ulation bath maintained at room temperature (25°C) and were
collected on take-up rollers (rate ~ 10 m-min~'). The tapes
were further soaked in methanol for additional 2 days before
being dried and drawn on rectangular hot plate (10 inches by 1
inch) for five stages from 100 to 180°C at a step-size of 20°C.

Characterizations

The fracture surfaces of the control PVA tapes and PVA/CNCF
tapes drawn up to 180°C were observed using a field-emission
high-resolution scanning electron microscope (SEM) (Zeiss
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Surpa 25, accelerating voltage 5 kV). Transmission electron
microscopy (TEM) was performed on a JEOL 2010 microscope
operated at 200 kV, and the samples were deposited on holey
carbon coated 200 mesh copper grid (Electron Microscopy Sci-
ences Lot#110622). Wide-angle and small-angle X-ray diffrac-
tion/scattering was performed using a S-MAX 3000 + 007 HFM
WAXS/SAXS system operated at 1.2 kW with a beam focal size
of 70 um, equipped with a 200 mm multiwire two dimensional
detector, manufactured by Rigaku Americas. Small-angle and
wide-angle X-ray diffraction (WAXD)/scattering patterns were
analyzed using Rigaku NANO-Solver™ and Jade MDI soft-
ware’s to obtain azimuthal integration data as well as peak
widths (i.e., full-width at half maximum [FWHM]). Tensile tests
were conducted using dynamic mechanical analyzer (RSA-G2
series, manufactured by TA instruments) with the gauge gap of
20 mm and the extension rate of 0. mm-min~'. The number
of samples tested ranged from 5 to 10. Thermal tests were per-
formed using a differential scanning calorimeter (DSC) (Q200,
manufactured by TA Instruments). A heating rate of
10°C-min~ ' was used under air flow from ~ 40°C to 300°C.
Thermogravimetric analysis (TGA) (Q50, manufactured by TA
Instruments) was also conducted with a heating rate of
20°C-min~" under air flow from ~ 25°C to 900°C.

RESULTS AND DISCUSSION

The fracture surfaces of the control PVA tapes and PVA/CNCF
tapes drawn up to 180°C were observed using SEM and shown
in Figure 1(a, b). Figure 1(c) shows the SEM image for the as-
received CNCE. The CNCF resemble flat wrinkled or kinked
fibers, which consists of nano-chips stacked perpendicular to
the CNCF axis [Figure 1(d)]. It is believed that during process-
ing the CNCF are shortened and distorted due to the exfolia-
tion of the nano-chips (flattened nanotubes) from the CNCF
[Figure 1(e, g)]. SEM of the sonicated CNCF [Figure 1(f)]
shows that they are indeed shorter as compared with the as-
received powder. Based on TEM analysis [Figure 1(g)], it is
observed that the sliding of nano-chips platelets from the CNCF
occurs during sonication.

WAXD patterns for the PVA and PVA/CNCEF tapes are shown in
Figure 2(a, b). Based on these diffraction patterns, it is clear that
the orientation of the PVA chains along the tape axis is much
higher in the composite than for the control. Herman’s orienta-
tion factor (f) was calculated using Wilchinski’s approach.’>*?
The Wilchinsky equation [eq. (1)] was modified to calculate the
b axis chain orientation for PVA using predominant (101) and
(200) crystallographic planes'®. Wilchinsky’s relationship can be
used to determine the orientation along the PVA chain axis as
the planes chosen contain the b axis (i.e., the b axis is unique-
[hOl] planes are chosen). (cos? @ o)) Was determined using
eq. (2) which incorporated the integrated azimuthal data for the
(101) and (200) crystallographic planes. Based on Wilchinsky’s
p_axisWas determined for both the control and
composite tapes. Herman’s orientation function [eq. (3)] was
then used to obtain Herman’s orientation factor (f) for each of
the tapes. For both the control and composite tapes, f was found
to be 0.5 and 0.8, respectively. During spinning, PVA/CNCEF tapes
could be drawn to a ratio of 10, while PVA fibers could only be

equation, {(cos’0)
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sliding/exfoliation of nano-chips
from CNCF during processing

stacked nano-chips in CNCF

e

Figure 1. SEM images of fracture surfaces for the (a) PVA and (b) PVA/
CNCEF tapes. (c) SEM of the as-received CNCF powder. Schematics of CNCF
showing (d) the stacking of the nano-chips along the CNCF axis, and (e)
the sliding and exfoliation of the nano-chips from the CNCF during process-
ing. (f) SEM of the sonicated PVA/CNCEF solution. (g) Transmission electron
microscope (TEM) image of sonicated CNCF showing the sliding of the
nano-chip platelets from the fiber during processing. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

drawn to 6 (Table I). It is believed that the exfoliated nano-chips
act as a lubricating material within the tape to facilitate polymer
chain slippage, extension, and orientation.

(1= 2sin’ p,)(cos’ @,) — (1 — 2sin® p; ) (cos® p,)
baxis sin? p, — sin’ p,

<cos2 6>
(1)
Where, the subscripts 1 and 2 corresponds the each of the crystal

planes used, and p is the angle between the plane normal and a

or ¢ axis.'”
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fn/z I(¢) cos’ ¢ sin g do
<C052 <P(h01)> = =0 ) ; (2)
Jo 1) sing do

where, I(¢) is the azimuthal intensity for a specific diffraction
peak integrated over the azimuthal angle ¢.

feo 3(cos? 9;b_m~sfl 3)
Based on small-angle X-ray scattering (SAXS) analysis it was
also found that for both tapes a peak is observed along the me-
ridian [Figures 2(c, d)]. This peak indicates periodic stacks of
crystalline lamellae orientated along the tape axis. The long-
order spacing was measured to be 12.5 nm for the control tape
and 17.4 nm for the composite tape [Figure 2(e, f)]. In con-
junction with higher orientation shown from the WAXD data,
the PVA/CNCEF tapes clearly display larger periodic stacking of
the crystalline lamellae based on SAXS experiments.
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Figure 2. WAXD images of (a) PVA, (b) PVA/CNCEF tapes. SAXS images
of (c) PVA and (d) PVA/CNCEF tapes. Intensity versus g, SAXS curves for
(e) PVA and (f) PVA/CNCF tapes. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Table I. Thermal and Mechanical Properties of PVA and PVA/CNCF
Tapes

Sample PVA PVA/0.5 wt % CNCF
AH,, (g7 80.6 80.4

X2 (%) 58.2 58.0

T2 (°C) 221.8 220.9

T, (°C) 74.9 76.0

T2 (°C) 293.8 302.9

Draw ratio 6 10

E® (GPa) 7311 50.0 4.4
o (GPa) 017 +003 128=+011
Emax (20) 183+ 28 53+ 0.7
Toughness, (J-g™) 16.1 = 5.0 289+ 75

2Crystallinity degree (X was calculated using AH. (AH. for PVA is
138.6 J.g7%),** PMelting temperature, °Glass transition temperature,
dDegradation temperature, ®Young's modulus, Tensile stress, ¢ Elonga-
tion strain.

Overall crystallinity in the materials was measured using
DSC and calculated from the enthalpy of melting (AH,,) (see
Table I). The overall crystallinity and melting temperatures are
comparable in both composite and control tapes [Table I, Fig-
ure 3(a)]. TGA was also performed on the tapes. It was
observed that the degradation temperature for the PVA/CNCF
composite fiber increased by ~ 9°C after the addition of the
CNCF [Table I, Figure 3(b)]. This increase may be due to the
exfoliation of the nano-chips throughout the polymer matrix,
thereby increasing the thermal stability.>*?

The mechanical properties for both PVA and PVA/CNCEF tapes
were measured using a tensile test, and these properties are
listed in Table I. The stress-strain curves are shown in Figure
3(c). Based on these measurements it is found that there is a
585% increase in the modulus and 653% increase in the tensile
strength. These results are significantly higher than typical per-
cent increases reported for Young’s modulus and tensile strength
in polymer-based nano-composite fiber.*> As mentioned earlier,
the CNCF loading is only 0.5 wt %, and based on WAXS data
[Figure 2(b)] the overall orientation of the nano-chips along the
fiber axis is relatively low (i.e., [002] peak of the graphitic
plane). Therefore, the improvement in modulus and tensile
strength is mostly attributed to changes in the polymer mor-
phology as facilitated by the presence of the CNCE

The modulus contribution (V/Ey) of the nano-chip fibers to the
composite properties was calculated using the rule-of-mixture
analysis for uniaxial composites [eq. (4)].4

Ec = ViEr + Vi B (4)

where, E. E,,, and Efare the Young’s moduli of the composite,
matrix, and the fiber, respectively, and V,,; and Vi are the vol-
ume fractions of the matrix and fiber.

The bulk modulus (E,,;) for the PVA is taken as the experimen-
tally measured modulus of the control tape, while the filler
modulus (Ey) is taken from various experimentally and theoreti-
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cally attained moduli for graphitic based materials (i.e., SWNTs,
multiwall carbon nanotubes (MWNT), single-layer graphene
(SLG), few-layer graphene (FLG), and SWNT bundles), and
these values are listed in Table II. It is immediately obvious that
the modulus contribution of the nano-filler is very low at the
volume fraction used, even when the nano-carbon is assumed
to be fully oriented along the fiber axis. In addition, if the
misorientation of the CNCF and nano-chips is considered as

shown by X-ray diffraction (Figure 2), the modulus
(a)
— PVA
3 y
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g " =
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Figure 3. (a) DSC of control PVA and PVA/CNCEF tapes drawn to 180°C
showing similar melting transition. (b) TGA showing behavior degrada-
tion of PVA and PVA/CNCF tapes, and (c) stress-strain curves of the
drawn control and composite fibers.
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Table II. Rule-of-Mixture Evaluation for PVA and PVA/CNCF Tapes®

Nano-Carbons EP (GPa) V/E; (GPa) V1 Ema® (GPa) VoEmz® (GPa) Vo (%)
Fully oriented SWNT 10024° 3.0 6.2 386 151
MWNT 180046 5.4 6.3 38.3 142
SLG 10007 3.0 6.3 38.6 151
FLG 70047 21 6.3 39.5 15.5
50048 15 6.3 40.1 15.7
8.314° 0.02 6.1 415 16.3
Misaligned SWNT rope® 2350 0.07 6.1 41.4 16.3

# V¢ = 0.3 vol % is the volume fraction of CNCF fillers, b Ef is the axial modulus of nanofillers, © E,1 = 7.3 Gpa,, dE, > = 255GPa®t, *SSWNT bundles
(~ 4.5 nm diameter) were misoriented with the average angle (0) ~ 39° (Herman's orientation factor f ~ 0.388).

contribution becomes negligible (see Table II). For this reason,
to analyze the origin for the large improvement in tensile prop-
erties for the PVA versus PVA/CNCF tapes, the rule-of-mixture
equation is modified to include a component associated with
oriented PVA chains (V,,,E,») [eq. (5)]. The theoretical modu-
lus used for fully oriented PVA chains in the axial direction is
~ 255 GPa.”!

E. = VE; 4+ V,1E,1 4 V,,2E,.2 (5)

where, the E,, and V,,, are the Young’s modulus and the vol-
ume fraction of the oriented PVA.

As mentioned earlier, microstructural analysis of the PVA and
PVA/CNCF tapes by SAXS shows the existence of long-order
crystalline regions oriented along the tape axis in both materi-
als. The PVA/CNCEF tapes show larger crystalline lamellae stack-
ing along the tape axis which is ~ 5 nm thicker than the con-
trol tapes. The width of the crystal lamellar stack (b) is also
determined from the FWHM for the peak using the Scherrer
equation [eq. (6)].5%%

A
b=——— 6
A0, ©

Where, / is the wave-length of the X-ray (0.154 nm), A(20),5 is
the width of the diffraction spot at half peak intensity meas-
ured. The FWHM [A(20)y5] was measured directly from the
SAXS peaks for the control and composite tapes (Figure 2) data
using the curve fitting capability of the NANO-Solver™ SAXS
software.

This width (b) was determined to be ~ 15.7 nm for both con-
trol and composite tapes. Based on this data, it is determined
that the microstructure of the tapes consists of parallel crystal-
line stacks of the same width with differing thickness, and this
is illustrated in the insets of Figure 2(c, d). Qualitatively it can
also be observed from the SAXS patterns [Figure 2(c)] that the
long-order peak for the control sample shows more diffused
scattering as compared with the composite, this may indicate a
larger variation of the crystalline stack thickness or the existence
of more interdispersed amorphous material as compared with
the composite. As the overall orientation for the control tape is
much lower than the composite tape (i.e., f = 0.5 [control]; f =
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0.8 [composite]), these regions of oriented crystalline stacks are
assumed to play a large role in the overall increase of the me-
chanical properties of the tapes.

Orientation of the PVA chains as well as the formation of such
large crystalline domains is facilitated by the sliding processes
and exfoliation of the nano-chips from the CNCF. The nano-
chips lubricate PVA chain slippage and facilitate alignment in
the fibers, leading to large well-formed crystalline domains. The
presence of these aligned regions greatly contributes to the
improvement of the mechanical properties of the composite
tape. Based on eq. (5), it is found that to achieve the experi-
mental composite modulus of 50 GPa the volume percentage of
oriented crystalline PVA regions in the fiber is ~ 16 vol %.

CONCLUSIONS

This work brings to light the ability of these unique nano-fillers
act as a lubricant to facilitate polymer chain extension. As such,
stiffness and strength increase in the composite material are due
to the inherent properties of the polymer that occur because of
morphological changes. The fractional addition of the nano-fil-
ler is also able to improve the thermal stability of the compos-
ite. This provides a novel route for producing high-performance
composite materials from flexible polymers by only using a
small amount of these carbon nano-filler, thereby having a neg-
ligible effect on the cost of the composite.
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