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Abstract

In the construction of an armor for ballistic protection, fibers are used in the

form of a laminated composite bonded to the back of the frontal ceramic layer.

The composite layer dissipates energy transmitted through the ceramic layer

and controls the spall. To absorb energy locally and to spread it out fast, fibers

in the composite layer must have high toughness and tensile wave speed as

quantified by a primary performance index called normalizing velocity. The

goal of this investigation is to increase the normalizing velocity of ultra-high

molecular weight (UHMWPE) fiber that is widely used in ballistic protection.

The structure of UHMWPE is modified by hybridizing with nylon and reinfor-

cing with carbon nanotubes. Fibers are extruded by melt-spinning. The con-

centration of nylon and nanotubes is 18 and 2 wt%, respectively. After

extrusion, fibers are strain-hardened by cyclic loading to align UHMWPE

molecules and nanotubes along the fiber axis. Tensile properties are deter-

mined to calculate normalizing velocity. Normalizing velocities up to 1270 m/s

were obtained for the modified fiber which outperforms Spectra-2000 and

Dyneema-SK75 by 44%–57%. Materials chemistry and structure of the fiber are

investigated through differential scanning calorimetry (DSC), Raman Spectros-

copy, and scanning electron microscope (SEM). It was observed that micro-

droplet formation by the nylon phase during hybridization promotes interface

sliding of UHMWPE ligaments and elevates the fracture strain. Raman and

SEM examination demonstrates that embedded nanotubes get aligned along

the fiber axis due to strain hardening and co-continuously deform with

UHMWPE sharing the load.
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1 | INTRODUCTION

In flexible or ceramic-based armor, fiber plays a critical
role. Fibers impregnated with a light resin in multiple

layers can be pressed into a panel or attached to a
ceramic layer as backing composite. Primary purpose of
the backing plate is to absorb kinetic energy of the projec-
tile through deformation of the fiber and spread it out as
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quickly as possible without localization.1 To maximize
this absorption and dissipation, fiber should have high
toughness and tensile wave speed. A primary perfor-
mance index combining toughness and tensile wave
speed is given by the normalizing velocity as defined
below.2
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where σ, ε, E, and ρ are strength, fracture strain, modu-
lus, and density of the fiber, respectively. The cubic root
is to get velocity in units of m/s. The quantity

ffiffiffiffi
Ω3

p
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widely known as normalizing velocity and used as a
quantitative measure of fiber performance. The goal of
any ballistic fiber manufacturer is to increase the normal-
izing velocity. A list of various commercial fibers used for
ballistic application is given in a Table 1. It is observed in
Table 1 that Spectra, Dyneema, and Zylon fibers all have
high normalizing velocity above 800m/s. It is noticed
that Nylon has a normalizing velocity of 504m/s and is
never used in armor applications. Dyneema and Spectra
are UHMWPE-based fiber and our idea in this paper is to
structurally modify the polymer to increase the normaliz-
ing velocity.

A hybrid of two polymers namely, UHMWPE and
nylon-6 are considered in this investigation. UHMWPE is
a linear homopolymer with a large molecular weight
of 3 M g/mole.3 The van der Waal bonds between
UHMWPE chains are weak, but the long chain structure
can transfer load efficiently if chains can be aligned with
the axis of the fiber. The molecular chain of UHMWPE is
flexible and allows chain folds to form a crystalline struc-
ture. The degree of crystallinity of UHMWPE is about
50%. Such long chain configurations accompanied with
crystalline structure is the reason UHMWPE is used as a
polymer precursor for ballistic fibers like Dyneema and
Spectra demanding high modulus and strength. On the

other hand, nylon-6 has relatively low crystallinity
(�35%), low modulus, and strength. Although nylon is a
common fiber material, it is never used in ballistic appli-
cations. Nylon has weak interchain H-bonds, which gives
rise to anisotropic sheet like structures within the crystal-
line phase.3–6 Nylon-6 can undergo large plastic deforma-
tion by crystal slip of the H-bonded sheets. The
combination of two different molecular structures of
UHMWPE and nylon-6 provides a synergistic advantage.
Modulus and strength of Dyneema SK75 (107 GPa and
3400 MPa, respectively) are almost an order of magnitude
higher than those of nylon-6 (4.14 GPa and 420 MPa,
respectively). But the fracture strain of Dyneema SK75
(3.8%) is an order of magnitude lower than that of nylon
(37%). Although the properties are different for the two
polymers, the data provides a design window. If the two
polymers can be blended as one precursor, the resulting
fiber will have higher fracture strain but an intermediate
modulus and strength between UHMWPE and nylon-6.
Over the last several years, it has been demonstrated that
dispersion of carbon nanotubes (CNT) in a polymer can
increase modulus and strength significantly.7–9 Several
other researchers also dispersed CNTs into various poly-
mer and aligned CNTs along the length of the drawn
filament.10–14 Alignment of CNTs in a filament may be
enforced by extrusion or spinning followed by heat
stretching resulting in improved mechanical properties.
Unfortunately, addition of CNTs always resulted in sig-
nificant reduction of fracture strain.

In recent years low density polyethylene (LDPE) and
UHMWPE have been reinforced with CNTs. Our recent
work revealed that in addition to CNT reinforcement,
a second phase polymer may be used to increase
toughness.15–20 If the blended polymer can be reinforced
with CNTs, the modulus and strength of the hybridized
fiber will increase while maintaining most of the fracture
strain. This strategy of hybridization and nanotube-
reinforcement was the premise of the current investiga-
tion. As-produced fibers were strain hardened to further

TABLE 1 Mechanical properties and normalizing velocities of various fibers.

Fiber Density (ρ, kg/m3) Modulus (E; GPa) Strength (σ; GPa)
Fracture
strain (ε; %)

Normalizing
velocity

ffiffiffiffi
Ω3

p
,

�
m/s)

Nylon-66 1150 4.14 0.42 37 504

Kevlar-29 1440 74 2.9 3.4 626

Kevlar-KM2 1440 70 3.3 4.0 684

Spectra 2000 970 116 3.25 2.9 809

Dyneema SK75 970 107 3.4 3.8 887

Zylon HM 1560 270 5.8 2.5 849

Zylon AS 1540 180 508 3.5 893

2 of 11 MAHFUZ ET AL.

 10974628, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/app.54035 by Florida A

tlantic U
niversity L

ibraries, W
iley O

nline L
ibrary on [04/05/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



align the nanotubes and to disentangle large UHMWPE
molecular chains.

In our approach, the following innovative steps were
implemented to increase the normalizing velocity which
depends on modulus, strength, and fracture strain of the
fiber. UHMWPE is first hybridized with nylon to increase
fracture strain. Hybridization however reduces the modu-
lus and strength. Hybridized polymer is then reinforced
with CNT to recover lost modulus and strength. Further,
composite fiber is strain hardened to increase modulus
and strength by aligning UHMWPE ligaments and CNTs
along the axis of the fiber. Combination of these steps
resulted in fiber with enhanced normalizing velocity.

2 | MATERIALS AND METHODS

Primary materials in this investigation were UHMWPE,
Nylon, and functionalized carbon nanotubes, namely,
single-walled carbon nanotubes functionalized with car-
boxyl group (SWCNT-COOH) and single-walled carbon
nanotubes functionalized with octadecylamine (SWCNT-
ODA). Functionalized nanotubes were procured from
Sigma Aldrich (3050 Spruce Street, St. Louis, Missouri
63,103, USA). Nylon-6 was procured from UBE Industries
Ltd. (Tokyo, Japan). Both UHMWPE and Nylon-6 were
obtained in powdered form. Paraffin oil was used as a sol-
vent to prepare the mixture and was procured from
Sigma Aldrich. The reason for using the two functional
groups for the nanotubes was to promote dispersion by
reducing the van der Waals interaction among nano-
tubes. SWCNT-ODA nanotubes had both carboxyl and
alkane groups on the surface, and the long alkyl chain of
ODA was compatible with the molecular structure of
UHMWPE.21 Recent research indicates that these func-
tional groups have been used to enhance mechanical
properties of polyethylene.22,23

Paraffin oil was used as a solvent to help disperse
nanotubes, dissolve UHMWPE and nylon, and facilitate
melt extrusion. In this investigation paraffin oil was not
treated with any other chemical compound like CO2 or
Decalin as carried out by other researchers.24–26 The ratio
of paraffin oil to solid (i.e., UHMWPE + nylon +

SWCNT's) was optimized by several iterations of spin-
ning and testing the fiber. The optimum ratio was 97:3 by
weight. Mixing nanotubes into paraffin oil was carried
out with ultrasonic cavitation for about 30 min. Once the
nanotubes were dispersed, UHMWPE and nylon powders
were added to the solution using a homogenizer for
10 min. The concentrations of UHMWPE, nylon and
SWCNT's were 80%, 18%, and 2% by weight, respectively.

After the solution was prepared, it was fed into a
laboratory mixing extruder (LME) as shown in Figure 1.

The extruder included a coaxial cylinder, a turning rotor
heater, an outlet die, an orifice, a water bath, and a take-
up system.3 As the solution passed through the annular
zone of the extruder, it was heated to about 140�C. At this
stage, the solution formed into a viscous gel which flowed
into the outlet die and exited through the nozzle as a fila-
ment. The rotor and header temperature of the extruder
were set at 140�C and 150�C, respectively. The speed of
the turning rotor was kept low to avoid excessive shear
which could lead to shear-degradation of macromole-
cules. After extrusion, filaments were cooled in a water
bath, air-dried, and collected in a spool as shown in step
(a) of Figure 1. The next step was the solvent extraction
stage. Filaments from the take-up roll is transferred in
smaller quantity by wrapping around a cylindrical rod
and submerged for about 15 minutes into a hexane bath
shown in Figure 1b. After the hexane treatment, fila-
ments were air dried. In the final stage, dried filaments
were heat-stretched in front of a heater as shown in
Figure 1c. The speed of stretching was controlled by hand
to produce fibers with diameters varying from 20 to
50 μm. Three categories of fiber were produced, namely,
neat UHMWPE, Nanohybrid SWCNT-COOH, and Nano-
hybrid SWCNT-ODA.

3 | EXPERIMENTAL

After the fibers were prepared, they were tested in ten-
sion, strain hardened, and characterized through differ-
ential scanning calorimetry (DSC), Raman, and scanning
electron microscope (SEM). Tensile tests and strain hard-
ening were conducted using a Zwick-Roel materials test-
ing machine. Details of fiber testing and strain hardening
are described in Sections 3.1 and 3.2. DSC tests were per-
formed in a TA Instruments Q10 series apparatus. Tests
were run in both heating and cooling ramps at a rate of
10�C under inert atmosphere. Five grams of sample were
used in each category and heating range was from 50�C
to 225�C. Raman spectroscopy was carried out using a
T6400 spectrometer with 514.5-nm line of argon ion laser.
SEM examination of the fiber was performed using a
JEOL JSF-6330F (field emission scanning electron micro-
scope [FESEM]). To investigate alignment of nanotubes,
fiber surface was prepared by ion milling to remove the
polymer and expose the embedded nanotubes.

It is to note that during ballistic application fibers will
be subjected to high rates of strain, and they could be
tested using a split Hopkinson pressure bar (SHPB).
However, we would like to mention that UHMWPE
fibers have been tested at high strain rates by Russell
et al.1 It was observed that as strain rate changes from
quasi-static to 100 S�1, strength and modulus increases
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by 32% and 45%, respectively. On the other hand, fracture
strain reduces by 32%. If these changes in fiber property
are incorporated into Equation (1), there will be a 4%
change in normalizing velocity. It is also shown in refer-
ence [1] that fiber properties remain unchanged beyond
100 S�1. This suggests that quasi-static tensile test is suffi-
cient to determine normalizing velocity.

3.1 | Fiber tensile testing

Fiber testing was performed at quasi-static rate to deter-
mine modulus, strength, and fracture strain. Fiber testing
procedure was developed using ASTM C1557-03 as a
guideline.27–29 Two gripping methods were initially inves-
tigated: (i) glue-tab grip method and (ii) direct grip
method. The glue-tab method consisted of mounting a
fiber onto a rigid tab as specified in the ASTM standard
using an adhesive. With glue-tab method, UHMWPE
fibers failed each time near the grips rather than in the
gage section. In the direct grip method, fiber was directly
clamped within Poly methyl methacrylate (PMMA)
blocks. When using the direct gripping method,
UHMWPE fiber slipped from the PMMA clamps render-
ing the test invalid. Slipping occurred since the fiber
diameter was low and strength was high. However, wrap-
ping the fiber around grooved discs (Figure 2) made from
polylactic acid (PLA) and then gripping the discs within
the PMMA clamps was successful. Failure of the fiber

was always at the gage section. Length between the cen-
ter of two discs was taken as the gage length. Grooved
discs were 3-D printed from PLA and were used for both

FIGURE 1 Schematic view

of melt extrusion using a

laboratory mixing extruder

(LME). (a) Filament extrusion,

water cooling, air drying and

collecting in a spool, (b) solvent

extraction using a hexane bath,

and (c) heat stretching. [Color

figure can be viewed at

wileyonlinelibrary.com]

FIGURE 2 Fiber tests with grooved polylactic acid (PLA) discs.

[Color figure can be viewed at wileyonlinelibrary.com]
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tensile and strain-hardening tests. A test set-up with PLA
discs is shown in Figure 2. Tensile tests were conducted
using a Zwick-Roell materials testing machine. A cross-
head speed of 2.5 mm/min and a gage length of 15 mm
were used for each test. This gave a strain rate of
2.77 � 10�3 s�1. A 20 N load cell with 1 mN accuracy
was used. Tests were conducted under displacement con-
trol mode. The diameter of the filament was measured
prior to testing using a tabletop SEM.

3.2 | Strain hardening

Strain hardening tests were conducted in the same
Zwick–Roell materials testing machine utilizing its cyclic
module. Repeated loading and unloading promotes align-
ment of molecular segments and nanotubes along the
axis of the fiber. Functional groups present at nanotube
surface further enforced alignment of nanotubes along
with chain molecules. Strain hardening began by setting
initial load at 0.1 N with an increment of 0.02 N for each
cycle. After each incremental loading, fiber was
completely unloaded, and a new cycle would start. A
sample loading–unloading hysteresis loops for SWCNT-
ODA fiber during strain hardening are shown in
Figure 3. Loading and unloading speed was 2.5 mm/min
similar to that of quasi-static tensile tests. Identical sam-
ple size and fiber mounting procedures were followed.
Strain hardening was performed for 15–20 cycles and
then the fiber was loaded to failure as seen in Figure 3. It
is noticed in Figure 3 that as strain hardening progressed,
both stress and modulus of the fiber increased after each

cycle. After the last cycle, when the fiber was loaded to
failure, stress increased significantly. The last cycle in the
stress–strain diagram was used to calculate modulus,
strength, and fracture strain. After several iterations the
number of cycles (loops) for strain hardening was final-
ized that gave maximum gain in modulus and strength
with a minimum reduction of the fracture strain.

4 | RESULTS AND DISCUSSION

4.1 | Tensile tests

Tensile testing of fiber was conducted before and after
strain hardening to determine the effect of strain harden-
ing on fiber properties. Sample stress–strain diagrams for
three categories of fiber: neat UHMWPE, nanohybrid
SWCNT-COOH, and nanohybrid SWCNT-ODA are
shown in Figure 4. The results in Figure 4 are for fibers
before strain hardening. Figure 4 reveals that neat
UHMWPE sample has large plastic strain compared to
nanohybrid samples. After UHMWPE was hybridized
and reinforced with SWCNT-COOH or SWCNT-ODA,
modulus, and strength increased sharply. It is also
noticed that gain in modulus and strength is by sacrific-
ing a significant amount of fracture strain. This was
expected since embedded nanotubes without being fully
stretched, restricted the elongation of UHMWPE macro-
molecules. Modulus, strength, and fracture strain mea-
sured from the curves were used in the calculation of
normalizing velocity as shown in Equation (1). Densities

FIGURE 3 Sample stress–strain hysteresis loops during strain

hardening of nanohybrid-SWCNT-ODA fiber. [Color figure can be

viewed at wileyonlinelibrary.com]

FIGURE 4 Stress–strain diagrams for three different fiber

categories before strain hardening. [Color figure can be viewed at

wileyonlinelibrary.com]
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of UHMWPE, nylon, and nanotubes were taken as
970, 1140, and 2260 kg/m3, respectively. For nanohybrid
fiber, density was calculated using the rule of mixture
and their concentrations.

Mechanical properties obtained from the tensile tests
are presented in Table 2. Five to six samples were tested
in each category and the average values are listed in the
table. Table 2 also includes results after strain hardening.
Modulus, strength, and fracture strain after strain hard-
ening were obtained from the last loop of the hysteresis
diagram shown in Figure 3. As observed in Figure 3,
modulus and strength increase as the cycling continues.
Percent change in properties due to strain hardening is
also indicated in Table 2. It is clear in Table 2 that in case
of nanohybrids, the increase in modulus and strength is
more pronounced. For example, with SWCNT-COOH
fiber, increase in modulus and strength is 169% and
134%, respectively after strain hardening. The trend is
similar with SWCNT-ODA fiber. However, with neat
UHMWPE, the increase in modulus and strength is only
71% and 20% after strain hardening. This suggests that
the effect of strain hardening is more pronounced in
nanohybrids than in neat UHMWPE. Structural changes
in nanohybrids caused by hybridization and nanotube
reinforcement are responsible for this behavior.

The normalizing velocity is highly influenced by
strain hardening as seen in Table 2. It is observed that
the highest normalizing velocity is given by nanohybrid
SWCNT-ODA fiber. Mechanical properties of nanohybrid
SWCNT-ODA fiber with those of Dyneema SK-75 and
Spectra-2000 are listed in Table 3. It is observed that
nanohybrid fiber has one order lower modulus, but one

order higher fracture strain than Dyneema and Spectra
fibers. Ultimate strength of nanohybrids is of the same
order. The resulting normalizing velocity of nanohybrid
SWCNT-ODA fiber is 1270 m/s which is about 50%
higher than that of Spectra-2000 and Dyneema SK-75.

4.2 | Differential scanning calorimetry

DSC analysis of neat UHMWPE and different categories
of nanohybrid fibers was performed to investigate ther-
mal and morphological changes in polymer due to
hybridization and nanotube reinforcement. In addition to
the fibers listed in Table 2, two more categories were
included in the DSC analysis; one was hybridized
UHMWPE with nylon (i.e., 80% UHMWPE and 20%
nylon) and the other was nanohybrid fiber reinforced
with SWCNT without any functionalization. Sample
weight was 5 mg. DSC curves for neat UHMWPE and
nanohybrid SWCNT-ODA fibers are shown in Figures 5
and 6. Data reduced from all DSC curves are presented in
Table 4. The table shows melting peak, area under the
melting endotherm, crystallization onset (To), and peak
(Tp) temperatures extracted from DSC curves.

Melting peaks and melting endotherms shown in
Figures 5 and 6 are distinct since melting is a first-order
thermodynamic transition. The melting temperatures of
neat UHMWPE and nanohybrid-SWCNT-ODA fibers are
close, about 130�C as seen in Table 4. This is in agree-
ment with other researchers.30–32 However, it is observed
in Table 4 that when UHMWPE is hybridized with nylon
(without any reinforcement of nanotubes), the melting

TABLE 2 Fiber properties before and after strain hardening.

Fiber Type

Modulus (GPa)
Ultimate
strength (GPa)

Fracture
strain (mm/mm)

Normalizing
velocity (km/s)

Before/after % Increase Before/after % Increase Before/after Before/after % Increase

Neat UHMWPE 2.2/3.76 71 0.4/0.48 20 0.94/0.58 0.67/0.79 18

Nanohybrid
SWCNT-COOH

2.4/6.45 169 1.0/2.34 134 0.49/0.59 0.74/1.24 68

Nanohybrid
SWCNT-ODA

5.6/13 132 1.2/2.78 132 0.52/0.47 0.87/1.27 46

TABLE 3 Mechanical properties of SWCNT-ODA and commercial fibers.

Fiber type Modulus (GPa)
Ultimate
strength (GPa)

Fracture
strain (mm/mm)

Normalized
velocity (km/s)

Nanohybrid SWCNT-ODA 13.0 2.78 0.47 1.27

Spectra-2000 116 3.25 0.029 0.81

Dyneema-SK75 107 3.4 0.038 0.88

6 of 11 MAHFUZ ET AL.
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peak increases to 133�C. This slight shift to higher tem-
perature is due to the reason that nylon has a higher
melting temperature than UHMWPE. It therefore
appears that while hybridization increases the melting
temperature slightly, nanotube reinforcement brings it
back to 130�C as seen in Table 4. A different scenario is
observed when we consider the area under the melting
endotherm. Crystallinity is calculated from this area
dividing it by melting enthalpy of 100% crystalline
UHMWPE (�293 J/g). It is observed that the area
reduced significantly with nanohybrid samples. Table 3
shows that area for neat UHMWPE is 138 J/g while those
for SWCNT-COOH and SWCNT-ODA are 68 and 75 J/g,
respectively. When nanotubes are not functionalized,
i.e., with nanohybrid SWCNT, the area is 120 J/g. This
suggests that functionalization of nanotubes helps reduce
melting enthalpy. Decrease in melting enthalpy is associ-
ated with the loosening of UHMWPE structures caused
by interaction between polymer and functionalized nano-
tubes. Due to the interaction, the functionalized surface
of nanotubes can act as nucleating agents inducing mor-
phological changes. Ordering of polymer molecules into
crystals is disrupted by such nucleation which affects
crystallinity of the polymer. When UHMWPE is only
hybridized, or nanotubes are not functionalized, such
nucleation is less. The result is evident in Table 4. Crys-
tallinity of neat UHMWPE is 47% while it is 41% and 34%
for hybridized and nanohybrid-SWCNT samples. How-
ever, crystallinity reduces drastically to 23% and 26% for
SWCNT-COOH and SWCNT-ODA samples that are
almost half of neat UHMWPE. It is clear that addition of
nylon and functionalized nanotube fillers contribute to
the reduction in crystallinity.

As seen in Figures 5 and 6, it was not possible to cap-
ture the crystallization temperature during the heating
cycle. However, the cooling cycle reveals a crystallization
peak. Crystallization onset (To) and peak (TP) tempera-
tures were extracted from DSC curves and are listed in

FIGURE 6 DSC heating and cooling curves for SWCNT-ODA

reinforced fiber. [Color figure can be viewed at

wileyonlinelibrary.com]

FIGURE 5 DSC heating and cooling curves for neat

UHMWPE fiber. [Color figure can be viewed at

wileyonlinelibrary.com]

TABLE 4 DSC results for neat UHMWPE and nanohybrid fibers.

Fiber type
Melting
peak (�C)

Area under
melting
endotherm (J/g) Crystallinity (%)

Crystallization
onset (To) (�C)

Crystallization
peak (Tp) (�C) (To � Tp) (�C)

Neat UHMWPE 130 138 47 118 108 10

Hybridized UHMWPE
with nylon

133 98 34 121 114 7

Nanohybrid SWCNT 129 120 41 121 113 8

Nanohybrid
SWCNT-COOH

130 68 23 117 114 3

Nanohybrid
SWCNT-ODA

129 75 26 117 111 6

MAHFUZ ET AL. 7 of 11
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Table 4. It is observed that there is a decrease in
(To � TP) values from 10 and 7 for neat UHMWPE and
hybridized samples to 3 and 6 for nanohybrid samples.
The trend is similar with percent crystallinity. This was
expected and further proves lamellar structural changes
in UHMWPE due to hybridization and nanotube rein-
forcement. In the DSC curve of Figure 6 (SWCNT-ODA),
two additional peaks are observed at around 210�C and
184�C. The peak at 210�C is observed during the heating
cycle and is endothermic. It is above the melting point of
UHMWPE (130�C) and represents melting of nylon.
Although the melting temperature of nylon is about
220�C, the value (210�C) obtained here is slightly less
due to hybridization and nanotube reinforcement. An
exothermic peak is observed at 184�C in Figure 6 during
cooling. This represents the crystallization temperature
of nylon. These two peaks together suggest that even
after hybridization and nanotube reinforcement, nylon
phase remains intact and nanohybrid fiber remains as a
two-phase polymer system.33 Each phase maintains its
individual melting and crystallization peaks, but crystalli-
zation morphology alters significantly.

4.3 | Raman spectroscopy

The purpose of Raman spectroscopy was to investigate
mechanical deformation of nanotubes and to evaluate
interaction between embedded nanotubes and the sur-
rounding polymer by using Raman band shifts. As nano-
hybrid fibers are subjected to tension, nanotubes undergo
longitudinal and lateral strains which can be detected by
a shift in Raman band at a particular frequency. The
spectra shown in Figure 7 reveal peaks corresponding to
molecular vibrations at various wave numbers. Peaks at
1058 and 1123 cm�1 frequency correspond to C C asym-
metric and symmetric stretching modes of polyethylene
(PE). Since PE is present in both cases, two peaks are at
identical frequencies. CH2 wagging mode of PE is also
evident at 1292 cm�1 frequency in both cases. The ortho-
rhombic crystalline phase of PE is noticed at 1414 cm�1

peak. This orthorhombic phase is the secondary phase of
crystallization as PE crystallizes from the primary hexag-
onal phase. This peak is only observed with the SWCNT-
ODA sample indicating that reinforcement of nanotubes
has caused this change in the crystalline structure of
UHMWPE. In addition, two more peaks at 1328 and
1585 cm�1 are visible in Figure 7. The strong Raman
band (sharp peak with high intensity) at 1585 cm�1 is the
characteristic G band and is due to the presence of nano-
tubes. G-band is not visible with the neat sample in
Figure 7. The G-band appearing at 1585 cm�1 represents
the graphene in-plane sp2 vibrational mode. When a

graphene sheet is rolled to form a nanotube, the sp2

hybrid orbital is deformed for rehybridization toward sp3

orbital or σ π bond mixing in nanotubes.34,35 G-band
peak therefore confirms the presence of nanotubes in
SWCNT-ODA fiber. The minor peak at 1328 cm�1 is
attributed to D-band which arises due to structural disor-
der in nanotubes and is evident in nanohybrid SWCNT-
ODA sample shown in Figure 7.36

Raman spectroscopy of nanohybrid SWCNT-ODA
samples before (i.e., pristine) and after strain hardening
are shown in Figure 8. The G- and D-band peaks are visi-
ble but there is a frequency shift between the pristine and
strain hardened samples. The G-band characteristic is
due to the curvature and confinement of graphene layers
in forming the nanotubes as mentioned earlier. On the
other hand, the D-band is activated due to the first-order
scattering process of sp2 carbons. We particularly focused
on G- (1585 cm�1) and D- (1330 cm�1) band frequency
shift due to strain hardening. It is noticed in Figure 8 that
the G-band peak had shifted from 1585 cm�1 to
1581 cm�1 due to strain hardening. This negative shift
indicates stretching of C-C bonds meaning an elongation
of SWCNT due to repeated loading and unloading. On
the other hand, a slight positive shift in D-band peak
from 1330 to 1332 cm�1 is observed in Figure 8. Such a
positive shift is indicative of lateral compression of
CNTs.37,38 Collectively these two shifts demonstrate that
during strain hardening, nanotubes are stretched and lat-
erally compressed. Such deformation feature of nano-
tubes establishes that they carry load during strain
hardening and co-continuously deform with UHMWPE
fibrils to enhance the modulus and strength of the nano-
hybrid fiber.

FIGURE 7 Raman spectra of Neat UHMWPE and SWCNT-

ODA reinforced hybrid fiber. [Color figure can be viewed at

wileyonlinelibrary.com]
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4.4 | SEM examination

SEM examination of neat UHMWPE and hybridized
SWCNT-ODA fibers was conducted to study the role of
nylon and nanotubes in fiber performance. Prior to extru-
sion, both UHMWPE and nylon powders are dissolved in
paraffin oil and the admixture is heated in the extruder
to form gels. In this process, nylon forms into micro-
spheres (droplets), remains embedded within UHMWPE
fibrils, and gets slightly elongated during extrusion.
Embedded nylon microspheres within the long
UHMWPE ligaments are seen in the SEM micrograph of
Figure 9a. Our fiber was extruded at 135�C which is far
below the melting point of nylon (210�C) meaning that
microspheres remained solid within the UHMWPE fibrils

after extrusion. Solid and elongated nylon microspheres
are visible in Figure 9a,b. Axially elongated polyethylene
ligaments are also visible along the extrusion direction.
Polymer chain alignment observed in Figure 9a is due to
extrusion and heat-stretching. After strain hardening,
polymer chains are distorted as observed in Figure 9b.
This is due to repeated loading and unloading. Nylon
microspheres are still intact and embedded between PE
ligaments (Figure 9b). The presence of nylon micro-
spheres in the fiber facilitates disentanglement of large
UHMWPE molecular chains and promotes sliding
between crystalline lamella during tensile loading allow-
ing large fracture strain. To further investigate the align-
ment of nanotubes after strain hardening, SWCNT-ODA
fibers were examined under FE-SEM as shown in

FIGURE 9 SEM Micrographs of SWCNT-ODA fiber before and after strain hardening. [Color figure can be viewed at

wileyonlinelibrary.com]

FIGURE 10 FE-SEM image of SWCNT-ODA fiber showing

nanotube alignment. [Color figure can be viewed at

wileyonlinelibrary.com]

FIGURE 8 Raman spectra of pristine (not loaded) and strain-

hardened SWCNT-ODA fiber. [Color figure can be viewed at

wileyonlinelibrary.com]
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Figure 10. The fiber surface was prepared by Gallium ion
milling to expose the nanotubes embedded within the
polymer. Figure 10 shows polymer remnants attached to
nanotubes after milling. It is observed in Figure 10 that
CNTs are aligned along the axis of the fiber and are well
dispersed.

5 | CONCLUSION

This investigation shows a pathway to modify the struc-
ture of UHMWPE by hybridizing it with nylon and rein-
forcing with carbon nanotubes (CNT) to produce high-
performance ballistic fibers. Hybridization and nanotube
reinforcement techniques are simple and well within the
realm of regular fiber spinning process. Given the limita-
tions of a laboratory scale extruder and heat-stretching
capability, the diameter of as-produced fiber was between
20 and 50 μm which is slightly higher than 18 μm of com-
mercial Dyneema fiber. Two types of functionalized
nanotubes; SWCNT-COOH and SWCNT-ODA were used
in the study and the latter category gave the best perfor-
mance with respect to normalizing velocity.

A comprehensive fiber testing plan was implemented
by using 3-D printed PLA discs to avoid slippage in the
grips and to have failure at the gage section. Strain hard-
ening of fibers was performed using the same PLA discs.
Tensile tests of strain-hardened fiber revealed that com-
pared to commercial ballistic fibers, the nanohybrid fiber
has one order of magnitude lower modulus, similar
strength but one order of magnitude higher fracture
strain. The resulting normalizing velocity of strain-
hardened SWCNT-ODA fiber was 1270 m/s which exceeds
Spectra-2000 (809 m/s) and Dyneema-SK75 (887 m/s) by
44%–57%.

DSC studies show that both UHMWPE and nylon
remain phase-separated in the nanohybrid fiber. Each
phase retains their respective melting behavior but their
crystallinity changes. Crystallinity for two nanohybrid fibers
reduced to 23% and 26%. Although the reduction in crystal-
linity is counterintuitive to increase in modulus and
strength, the effect is compensated by sharing of load by
nanotubes. Raman spectroscopy demonstrated that embed-
ded nanotubes undergo permanent elongation and lateral
compression during axial loading of fiber. This implies that
nanotubes contribute to load sharing with UHMWE liga-
ments. SEM examination confirms alignment of nanotubes
along the fiber axis providing further evidence of load-shar-
ing. Micrographs also show the presence of nylon micro-
spheres as a separate phase embedded within the UHMPE
fibrils. Thus, structural changes induced by hybridization
and nanotube reinforcement coupled with strain hardening
result in higher normalizing velocity.
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