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ABSTRACT

Polymer fibers such as Nylon, Polyester, Polyethylene, Kevlar, and Spectra have wide range of industrial
applications which go beyond the realm of traditional composites. From light weight armor to automotive
bumpers, tires, air bags, to drug delivery, tissue engineering to wound dressing, polymeric fibers have ever
increasing demands. In most of these applications, the elastic energy storage capacity, Q of these fibers

would be an important parameter to gauge their performances. The cubic root of Q, i.e., Ve , also known
as normalized velocity of the fiber essentially determines as to how much energy can be stored [1-3]. That

1/3
iS: 3 Q _ Gymax gymax Ey
2py Py
where O\ymax +Eymax * Py and E, are strength, fracture strain, density, and modulus of the fiber, respectively
It is obvious that to enhance fiber performance, one has to increase ¢ ,& , B, and reduce p .
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Normalized velocities for commercial fibers such as Nylon-6, Spectra, Kevlar, and Dyneema lie between

500 and 800 m/sec. To revolutionize energy absorption and dissipation, 3 \/5 must be doubled, tripled, or
even quadrupled. Nanoparticle reinforcement and polymer hybridization offer a unique opportunity to
accomplish such goals. The strength and modulus of Nylon — a polyamide based fiber, is one order lower
than that of Spectra — a polyethylene based fiber. On the other hand, fracture strain of Nylon is one order
higher than that of Spectra. Molecular structures of Nylon and Spectra are such that one provides higher
elongation while the other contributes to strength and modulus. If these two polymers can be blended into
one precursor, fibers with very high elastic energy will be a reality. From quantum energy concept, this
exchange of molecular features is possible since both polymers transition from liquid to solid over a wide
range of temperatures allowing an opportunity to exchange such features. However, blending alone will not
be enough to increase normalized velocity; hence infusion of CNTs is also considered. This strategy of

coupling nanoscale inclusion with polymer blending is expected to increase 3\/5 substantially. In this
investigation, we have blended Nylon-6 with ultrahigh molecular weight polyethylene (UHMWPE) to
develop a hybrid polymer precursor. To enhance strength and modulus further, we have infused
single-walled carbon nanotubes (SWCNTSs) into the blended polymer. In the three phase system, the loading
of UHMWPE, Nylon 6 and SWCNT was 78 wt%, 20 wt% and 2 wt%, respectively. Hybridized fibers were
processed using a solution spinning method coupled with melt mixing and extrusion. A phenomenal
increase in strength, modulus, and fracture strain of UHMWPE fiber by 103%, 219%, and 108%,
respectively was observed. This processing also resulted in 441% and 88% increase in toughness and
normalizing velocity. Nylon 6 in the blend increased intercrystalline amorphism inducing plasticity, while
SWCNTs shared the load and co-continuously deformed — both contributing to the improvement that we
have observed. Differential scanning calorimetry (DSC), x-ray diffraction (XRD), and scanning electron
microscopy (SEM) studies have shown that changes in percent crystallinity, rate of crystallization,
crystallite size, alignment of nanotubes, and sliding at the interfaces were responsible for such enhancement
Details of fiber processing, thermal and mechanical characterizations and elastic energy evaluation are
described in the paper.
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1. INTRODUCTION

Over the last several years researchers have
successfully  dispersed carbon nanotubes into
thermoplastic polymers demonstrating that strength and
modulus could be improved significantly [4-10].
However, those improvements were achieved with a
significant loss in fracture strain, which eventually
decreased the energy absorption capacity in the 30-50%
range. On the other hand, research on low density
polyethylene (LDPE) has revealed that dispersing a
second polymer phase can improve the fracture strain
and toughness [11] of the matrix polymer. It is therefore
believed that if UHMWPE can be hybridized with Nylon
6, one would be able to increase fracture strain
significantly. Since these two polymers are immiscible,
there is a poor transfer of force between the two phases.
Two steps were under taken to overcome this problem. In
our case nylon was designed as the minor phase.
Ultrasonic cavitation and homogenization was used to
break the spherical domains of the minor phase into
smaller droplets. These droplets could elongate into an
ellipsoid and control the load transfer depending on the
interfacial adhesion between the two phases. We also
used an anti-oxidant to work as a reactive compatibilizer
to enhance such interfacial adhesion. It is expected that
compatibilizer will reduce interfacial tension resulting in
reduction in the size of the dispersed (minor) phase, and
it will also enhance interfacial adhesion through the
formation of micro-bridges. The fine nylon phase thus
coupled to the main phase (UHMWPE) in compatibilized
blends would carry load and deform simultaneously. This
would allow large yielding and high fracture strain of the
blended fiber.

Although compatibilizer would allow polymer blends
to have large fracture strain, the resulting strength and
modulus would be somewhat intermediate between the
two blended polymers. To enhance strength and modulus
substantially higher than that of the blended polymer, we
infused SWCNTs in the polymer blend prior to spinning.
Solution spinning and melt mixing enforce interaction
between SWCNTs and polymer molecules. Especially, as
amide link opens up during polymerization, it would give
an opportunity for SWCNTs to interact with nylon
through dipole-ion interaction. SWCNTs embedded
between two polymer phases (major and minor) would
facilitate interface sliding, and deform both axially and
transversely, providing excellent mechanisms to enhance
toughness and modulus.

2. EXPERIMENTAL PROCEDURES

Commercial grade UHMWPE powder, paraffin oil
and anti-oxidant (2, 6-di-t-butyl, 4- methylcresol) and
SWCNTs were procured from Sigma Aldrich (6000
North Teutonia Ave. Milwaukee, WI 53209). The
average density, melting point and molecular weight of
UHMWPE were 0.94 g/cm’, 138 °C and 3x10° g/mole,
respectively. SWCNTs were 2-10 nm in diameter and
were approximately 1-2 pm long. SWCNTs were not
functionalized with any chemical group. Nylon 6 was
procured from UBE Industries, Ltd (UBE building 3-11
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Higashi-shinagawwa 2 chome, Shinaga-wa-Ku, Tokyo
140, Japan). Average density, melting point, and
molecular weight of nylon 6 were 1.14 g/cm3, 220 0C,
and 20x10° g/mole, respectively. All categories of
filaments were fabricated using a Laboratory Mixing
Extruder (LME). The extrusion apparatus included a
coaxial cylinder, a turning rotor heater, an outlet die, an
orifice, a hexane bath, an oven, and a filament take up
system. Four types of filaments were produced; (1) neat
UHMWPE (2) UHMWPE with 20.0 wt% of nylon 6 (3)
UHMWPE with 2.0 wt% of SWCNT, and (4) UHMWPE
with 20.0 wt % of nylon 6 and 2.0 wt% of SWCNT.

To synthesize neat UHMWPE filaments (type-1), 95.0
wt% of paraffin oil was mixed with 5.0 wt% of
UHMWPE using a VDI-25 homogenizer. After mixing
for about 15 minutes, the admixture was fed into the
LME hopper and passed through the annular zone
between the cylinder and the turning rotor. The solution
was simultaneously heated to 150 °C using the turning
rotor. At this stage the solution turned into a viscous gel
and as the rotation continued it flowed into the outlet die
and exited through a 3mm dia orifice. After extrusion,
filaments were rinsed through a hexane bath, passed
through a heater (100 °C), and drawn into the take-up
spindle (filament winder) with controlled stretching.
Hexane was used to extract paraffin oil from the gelled
filament as it came out of the extruder. After filaments
were collected in the filament winder, they were cut into
strands and subjected to a secondary heating at 60-70 °C
in a separate oven for a prolonged period of time (~48
hrs). The secondary heating was necessary to remove
residual paraffin oil from the filament.

For type-2 filaments, 94.5 wt% of paraffin oil, 4.0
wt% of UHMWPE, 1.0 wt% of nylon 6, and 0.5 wt% of
anti-oxidant (2, 6-di-t-butyl, 4- methylcresol) were
mixed using the homogenizer. Filaments were then
extruded using the LME at 170 °C and following the
procedures stated above. For type-3 filaments, ratio of
paraffin oil, UHMWPE, and SWCNTS was 95.0 wt%,
4.9 wt%, and 0.1 wt%, respectively. SWCNTs were first
dispersed into paraffin oil using a VCX-500 ultrasonic
processor for about an hour. After sonication, UHMWPE
was mixed with the solution using the homogenizer.
Filaments were then extruded using the previous
procedures. In type-4, ratio of paraffin oil, UHMWPE,
nylon 6, anti-oxidant, and SWCNTs was 94.5 wt%, 3.92
wt%, 0.98 wt%, 0.5 wt%, and 0.1 wt%, respectively and
filaments were produced using steps similar to type-3.
Weight percentages mentioned above conform to 20.0
wt% of nylon 6 and 2.0 wt% of SWCNTs as required in
respective categories after paraffin oil is removed.

Once the filaments were produced they were tested
under tension using a Zwick-Roell material testing
machine according to ASTM D3379-75. Diameters of
the filaments were measured using a SEM. Tests were
run at a constant crosshead speed of 2 mm/min using a 20
N load cell. A gage length of 30 mm was generally used.
About 10 individual filaments were tested in each
category. DSC, XRD and SEM analysis were carried out
to investigate morphology, structure formation, crystal
structure and fracture behavior. DSC ramp tests were
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carried out under inert atmosphere with a heating and
cooling rate of 10°C/min using a TA Q10 DSC apparatus.
SEM analyses were performed in a D8303 Quanta 200
scanning electron microscope. X-ray diffraction
measurements were conducted using a Siemens D5000
diffractometer equipped with a diffracted beam
monochromator, and operating at 45kV, 40mA and
Cu-Ko radiation.

3. RESULTA AND DISCUSSIONS
3.1 Tensile Tests

Representative stress-strain diagrams and the data
from tensile tests are shown in Fig. 1 and Table- 1,
respectively. It has been observed that with the addition
of nylon 6 (Fig. 1b), the fracture strain of the filament
increased by almost 77% without any discernible change
in yield strength (0.2% offset), ultimate tensile strength
and Young’s modulus. On the other hand, with the
infusion of SWCNTs (Fig. lc) the modulus, yield
strength and ultimate tensile strength increased by 463%,
450% and 120%, respectively. Extremely high modulus
of SWCNTs (~ 1.5 TPa) has contributed to such increases
by sharing the load. Moreover, large increase in strength
suggests that the presence of a strong affinity between the
polymer and the nanotubes. Such interactions can
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Fig 1. Stress-strain curves of: (a) UHMWPE, Type-1, (b)
UHMWPE-Nylon 6, Type-2, (c) UHMWPE-SWCNT,
Type-3, (d) UHMWPE-Nylon 6- SWCNT Nylon 6, Type-4

Table 1 Tensile Test Data

significantly restrict polymer’s chain mobility. Strain to
fracture thus reduced by 68%.

However, with the addition of nylon 6 in SWCNT-
reinforced UHMWPE (Fig. 1d), fracture strain increased
substantially (108%). It is also observed in Table-1 that
yield strengths of type-4 and type-3 filaments are 32 MPa
and 110 MPa, respectively. Although the yield strength
of type-4 system was lower than that of the type-3, it was
still much higher (~ 60%) than that of the neat
UHMWPE (type-1) filaments. It is also noticed that the
tensile strength of type-4 (Fig 1d) is very close to that of
type 3 (Fig. 1c). It is evident in Fig. 1 that different
categories of filaments have distinctive pattern in their
stress strain response. Figure la and 1b show a single
stage plateau with moderate increase in strength level
while Fig. 1c demonstrates a spiky increase in strength
without the presence of any plateau. Failure patterns are
also different; former categories (la and 1b) are
indicative of being plastic in nature while the latter (1c) is
brittle. On the other hand, curve of 1d, has two distinct
plateaus. It suggests that the material yields at an early
stage of loading, but strength level continues to increase
with increased deformation demonstrating strain
hardening capability of the material [12]. Accordingly,
we see remarkable increase in strength level during the
2" plateau.

We calculated modulus of toughness (U;) from the
area under each of the stress-strain curves. The areas
were calculated using the Trapezoidal rule and are shown
in Table-1. It is observed in Table-1 that the toughness of
type-4 filaments increased by 441% compared to that of
neat filaments (type-1). This phenomenal increase in
toughness was only possible with the inclusion of both
nylon 6 and SWCNTs with UHMWPE. When nylon 6
was added (i.e., typ-2), increase in toughness was 180%,
and with typ-3 the increase was very nominal — justifying
that dual inclusion strategy was necessary to
substantially increase the toughness. Next, the
normalizing velocities were calculated using the values
of Omax» E, &max, and p in Table-1. The densities (p) of
hybridized and nanoparticle reinforced filaments were
determined using the rule of mixture. Calculated values
of normalizing velocities are listed in Table-1. It is seen
that normalizing velocity increased only by 16% with

Filament samples oy Omax E Emax P Uy 37O
(MPa) | (MPa) (MPa) (%) | (Kg/m’) | MIm3) | 0

Neat UHMWPE (type-1) 2045 61+6 23846 130 940 41 277

UHMWPE-Nylon 6 21+5 61+7 240 £19 230 982 115 328

(type-2)

UHMWPE-SWCNT 11010 | 134+11 1340421 | 42 973 48 323

(type-3)

UHMWPE-SWCNT-Nylon | 32 +6 124+9 760+6 270 1015 222 522

6 (type-4)
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(b) Cross-sectional view of a deformed filament

the inclusion of SWCNTs (type-3). Although the increase
in strength and modulus was significant, increase in
normalizing velocity was very modest because of the
reduced fracture strain. However, when nylon 6 was
added in the SWCNT reinforced UHMWPE, the
normalizing velocity increased by 88%. Such
improvement occurred because of the large increase in
fracture strain by about 108% as indicated earlier.

3.2 SEM Studies

SEM images of un-deformed and deformed
UHMWPE-SWCNT-nylon 6 filaments (cross-sectional
view) are shown in Figs 2a and 2b, respectively.
Evidence of minor phases as droplets in an extruded
filament is shown in Fig 2a. Energy Dispersive X ray
Spectroscopy (EDS) analysis has also confirmed these
minor phases as nylon. The droplets were around 4-7 um
in diameter and distributed randomly inside the matrix
materials (UHMWPE). As-received nylon particles were
15-30 pm in diameter. It is therefore seen that a
considerable amount of size reduction of the minor phase
has taken place due to blending and extrusion. This
reduction in size however is an indicationof reduced
interfacial tension between the major and minor phases
[13].The cross-sectional view of a deformed

UHMWPE-SWCNT-nylon 6 filament is shown in Fig. 2b.

This particular filament was stretched up to 180% strain,
and elongated minor phases (nylon 6) are quite visible in
the micrograph. As the loading continued, the minor
phase elongated more and more, but stayed attached to
the matrix (major phase). The ability of nylon to stretch
allowed the composite to deform plastically as it
remained attached to the major phase. As the loading
increased, these minor phases began to slide at the
interface. This interfacial sliding continued until fracture
of the filament occurred. If nanotubes are present, this
sliding is prolonged as nanotubes share the load. This
issue is discussed later.

3.3 DSC and XRD Analyses

Changes in crystalline morphology due to the
nanotubes and polymer inclusion were investigated
through DSC and XRD analyses. DSC heating and
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Fig 2. SEM micrographs of UHMWPE-SWCNT -Nylon 6 (a) cross-sectional view of an undeformed filament,

cooling curves are shown in Fig. 3 as two curves for each
of the three categories of filaments; (a), (b), and (c).
Crystallinity and rate of crystallization were determined
from the DSC cooling curves in Fig 3. The crystallinity
was determined from the area under the cooling
exotherms. The crystallization time was also recorded
and the rate of crystallization was calculated. DSC results
are shown in Table-2. It is observed in Table-2 that
crystallinity increased by 22% with SWCNT inclusion.
However, with the addition of nylon 6, the crystallinity
decreased by 14%. Changes in the rate of crystallization
also showed a similar trend. The X-ray diffraction
patterns for different categories of samples are shown in
Fig 4. The Miller indices for polyethylene, 110 and 200
of the main Bragg peaks are shown in the figure. The
diffraction patterns indicate that all categories of samples
are partially crystalline. The crystallite size (1) in the
samples was estimated from the full-width at half
maximum (FWHM) of the 110 diffraction (20) peaks by
using the Scherer equation [14, 15]. The Bragg peak
(110) angle, FWHM and the calculated values of the
crystallite size (t) are listed in Table-2. The values of t
seem to be slightly higher with SWCNT infusion,
whereas a small reduction in crystallite size appears
when nylon 6 is added.

In an effort to understand the role of nanotubes, SEM
micrographs of extruded filaments were taken as shown
in Fig.5. Growth of polymer crystals around the
nanotubes is shown by arrows in Fig. 5. Although the
dispersed nanotubes were 10-20 nm in diameters, the
embedded nanotubes appear to be much larger in size due
to the crystal growth surrounding the tubes. Some degree
of alignment along the filament length is also evident.
Since SWCNTs can act as a strong nucleation agent such
crystal growths are common around the nanotubes [16].
UHMWPE, a crystalline polymer therefore aggregated
on such nucleation sites and formed hard segments.
These hard segments attached to the nanotubes can
effectively transfer load to nanotubes while greatly
reducing the deformation ability of the polymer. That is
why we observed a significant increase in strength but
reduction in fracture strain of the UHMWPE when
infused with SWCNTs. On the other hand, nylon 6 is
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more amorphous in nature compared to UHMWPE.
Nylon chains can closely pack and increase
intercrystalline amorphous segments. Decrease in
crystallinity and crystallite size with the inclusion of
nylon 6 (Table-2) also supports this argument. Moreover,

reduction in yield strength and Young’s modulus in the
three phase system (UHMWPE-SWCNT-nylon 6)
compared to those of two phase system
(UHMWPE-SWCNT) is the consequence of an increase
in the amorphous segments.

Table 2: Results from DSC and XRD tests

Samples Percent Rate of 2-Theta FWHM Crystallite
Crystallinity (%) | crystallization | (Degrees) | (Degrees) | size, (nm)
(%/min)
Neat UHMWPE 335 34 21.65 0.245 33.0
UHMWPE- SWCNT 55.1 6.45 21.66 0.216 37.4
UHMWPE- 41.4 4.48 21.75 0.25 323
SWCNT-nylon 6
n247c  J4SYC
Cooling
35 1282°C -
183.41°C
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Fig 3. DSC curves of (a) neat UHMWPE (b) UHMWPE-
SWCNT and (c) UHMWPE-SWCNT-Nylon 6
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Fig. 4 X-ray diffraction patterns of (a) Neat
UHMWPE (b) UHMWPE- SWCNT (c)

UHMWPE-SWCNT-Nvlon 6.
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Fig 5. SEM micrograph of the UHMWPE-
SWCNT Sample

3.4 Filament Fracture

Fractured surfaces of; (a) UHMWPE-SWCNT and (b)
UHMWPE-SWCNT-nylon 6 filaments are shown in Fig.
6. Brittle fracture and fast crack growth are evident in Fig.
6a. The fracture surface is also indicative of a localized
and short-lived plastic deformation - presumably during
the end of the fracture process as suggested by the
stress-strain diagram in Fig. 1c. Three fracture processes
that we had observed in our previous studies with nylon
and LDPE filaments [11, 17-19] are distinctly absent in
this case. On the other hand, when nylon 6 was added in
the UHMWPE-SWCNT matrix, the fracture behavior
changed significantly. It was observed that considerable
lateral contraction (necking) occurred before the final
failure. Multiple shear bands generated at various sites
inside the material as shown in Fig. 6b which propagated
along the filament length (loading direction). Such shear
bands are formed due to highly localized shearing strain
— in this case caused by sliding between polymer-coated
nanotubes and minor phase (nylon 6). This observation
supports our earlier assertion that nanotubes assisted in
carrying the load as well as contributed to interface
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sliding in presence of the minor phase. Neck formation
during tensile tests is also a proof of existence of such
shear bands. Dispersed minor phase initiated a large
number of shear yielded zones throughout the material
and SWCNTs acted as slippage sites by sharing the load
and promoting sliding between the polymer phases.

Less sutface
flaws

Fast crack
growth

shear hands

(h)

Fig 6. SEM micrographs of fractured surfaces of (a)
UHMWPE-SWCNT (b) UHMWPE-SWCNT-Nylon- 6

4. SUMMARY

1. A novel methodology to reinforce ultrahigh
molecular weight polyethylene with carbon
nanotubes and a second phase polymer (nylon 6) is
presented. The process involves solution spinning
followed by melt extrusion, and can be employed to
any polyethylene based polymers.

2. The study has demonstrated that dual inclusion of an
inorganic (SWCNT) and an organic phase (nylon 6)
into UHMWPE is highly effective in enhancing
strength, modulus, and most importantly, fracture
strain. Improvement in these properties with respect
to neat filament was 103%, 219%, and 108%,
respectively.

3. As three basic properties, i.e., modulus, strength and
fracture strain increased, so did the fracture
toughness (U;) and the elastic energy storage

capacity (3\/5) of the fiber since the change in

density was insignificant after the reinforcement.
The enhancement in toughness and elastic energy
was 441% and 88%, respectively.
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DSC and XRD tests revealed that there is a modest
increase in crystallinity, rate of crystallization and
crystallite size with SWOCNT reinforcement.
However, with the addition of nylon 6 these
parameters changed significantly because of the
increase in the intercrystalline amorphous segment
in the three phase system
(UHMWPE-SWCNT-nylon 6).

SEM micrographs showed that minor polymer
phases (nylon-6) were formed as microdroplets, and
elongated when load was applied allowing large
deformation. Nanotubes were covered with densely
packed polymer crystals which was capable of
effectively transferring the load to the nanotubes.
During plastic deformation stage, polymer slippage
allowed elongation while nanotubes carried the load
transmitted through the interface.
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