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ABSTRACT: We have successfully aligned/dispersed the
rod and spherical-shaped Si3N4 nanoparticles in the poly-
propylene (PP) fibers through melt extrusion process to
fabricate polymer nanocomposite (PNC) single fibers. The
alignment/dispersion of Si3N4 nanoparticles in PP/Si3N4

PNC fibers has been carried out in a systematic manner to
produce uniform single fibers. The PNC fibers were first
uniformly stretched and stabilized using a two-set Godet
machine. The as-extruded single PNC fibers were tested for
their thermal and tensile properties. The test results of
PNC fibers were compared to neat PP polymer single fibers
fabricated using the same procedure as PNC fibers. These

results show that the PNC fibers are much (307%) higher
in tensile strength and modulus (>1000%) when compared
with the neat PP polymer single fibers. The field emission
scanning electron microscope results clearly show the
alignment of rod-Si3N4 nanoparticles in polymer matrix.
The differential scanning calorimetry results show � 12%
increase in crystallinity for rod-Si3N4 PNCs when com-
pared with the neat PP single fibers. VC 2011 Wiley Periodicals,
Inc. J Appl Polym Sci 121: 1512–1520, 2011
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INTRODUCTION

Polymer nanocomposites (PNCs) have garnered great
academic and industrial interest since their incep-
tion.1 PNCs have been shown to enhance physical,
thermomechanical, and processing characteristics
compared to their neat polymer counterparts. These
PNCs can be tailored according to the applications
and requirements by the selection of nanoparticles
morphology and compatible polymer matrices. Poly-
mers such as PP-6, polypropylene (PP), and LDPE
when mixed with appropriate percentage of nanopar-
ticles as fillers show significant improvements2–4 in
their mechanical and thermal properties. Among the
thermoplastics, PP is one of the most commonly used
polymers, and their potential applications as cost-
effective replacements of engineering polymers have
attracted considerable attention and have been
widely investigated.5,6 However, PP is brittle under
severe conditions of deformation, such as at low
temperatures or high impact rates, which has limited
its wider range of engineering applications. Incorpo-

ration of rigid inorganic particles is a promising
approach to improve both stiffness and toughness of
plastics simultaneously.7–10 Recent literature survey
clearly shows that most of the work on PP-PNCs was
carried out using CNTs,11,12 CNFs,13 CaCO3,

14,15 hydor-
xyapatite,16 calcium phosphate,17 POSS,3 and clay
particles as fillers. Comparatively, PP/clay nanocompo-
sites have been extensively studied.18,19 Mostly, the
purpose of these studies is to reduce the cost, improve
the mechanical, and fire-retardency properties. PP fibers
have been widely used in apparel, upholstery, floor
coverings, hygiene medical, geotextiles, car industry,
automotive textiles, various home textiles, and wall
coverings.20 As far as we know, there was no published
report on the PNCs of PP fibers containing nano-Si3N4

particles.
Nanostructured silicon nitride particles exhibit a

high potential for the reinforcement of polymers.21–24

Silicon nitride is considered to be a promising ceramic
because of its exceptional chemical and mechanical
properties, especially at high temperature.25 In this
present study, we have chosen rod and spherical
Si3N4 nanoparticles as fillers and PP as polymer ma-
trix to produce high-strength PNCs.
A significant progress has been made in dispersion

of acicular or spherical nanoparticles in polymer
matrix by surface modification and other techniques.
Whereas alignment of acicular or rod-shaped particles
in polymeric fiber and manufacturing advanced macro-
sopic structures remains a challenge. Most commonly,
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using techniques for alignment are wet spinning,26

magnetic alignment27 electrospinning,28 and melt
processing.29,30 To align the nanoparticles while
extruding, many aspects should be considered such
as the starting materials and their chemical composi-
tions, their mixing techniques. The type of extruder,
material-loading process, extrusion temperature, ma-
terial residence time within the extruder, the die and
its orifice shape and size, extrusion rate, extrusion
direction, surrounding air temperature and its speed,
fibers cooling type and process, filament draw ratio,
and winding speed are also very important. Proper
combination of such factors leads to the production
of fine fibers.

In the recent years, much attention has been paid to
the synthesis of different morphologies of silicon
nitride nanoparticles compounds. The spherical and
rod-shaped morphologies are studied extensively
among them. Our present interest deals with the study
of both of these morphologies of silicon nitride nano-
particles along with PP. Both neat and nanoparticle-
infused PP single fibers were produced using a single
screw extrusion technique. Morphological, thermal,
and mechanical properties are presented in this work.

EXPERIMENTAL

Materials

The Si3N4 nanorods (light gray color, Si3N4 alpha,
99%, and size 100 � 800 nm) and spherical-shaped
(white color, Si3N4 amorphous, 98.5þ%, and size
15–30 nm) particles were obtained from Nanostruc-
tured and Amorphous Materials and TEM picture as
shown in Figure 5(c,d), respectively. PP (Microthene
FP-800-00 micro-fine powder � 20 lm, melt flow
rate 35 g/10 min, and density � 0.909 g/cc) powder
was purchased from Equistart Chemicals, LP, and
scanning electron microscopy (SEM) picture is shown
in Figure 5(a).

Melt processing

Rod-shaped Si3N4 particles and PP powder were care-
fully measured in the ratio of 1 : 99 by weight (1 wt %)
and dry mixed using a mechanical blender at a speed
of 2300 rpm with a circulating cold base container
(5�C). The mixing process was paused for 6 min after
3 min of continuous mixing and then resumed for
further mixing. This was done to avoid temperature
rise, which may result in softening the PP. This tech-
nique is repeated 20–30 times until uniform mixing
was observed. The effective time for which the mix-
ture was blended was between 75 and 90 min. At this
time, the mixture took a light gray appearance, and it
seemed that the rod Si3N4 particles were thoroughly
mixed with the PP. The same process was repeated

for the spherical Si3N4 nanoparticle mixing with PP
polymer to ensure proper blending.
The mixture of PP and Si3N4 nanoparticles was

then further air dried in a dryer for 12 h and extruded
using a Wayne Yellow Label Table Top single screw ex-
truder (Fig. 1). Thermostatically controlled five heat-
ing zones were used to melt the mixture before
extrusion; three of which were occupied by the bar-
rel zone and rest of the two were by the die zone.
The heaters inside the barrel zone were placed at the
feed hopper side, center and die zone side of the
barrel, and set at a temperature of 167.5, 171.5, and
173.5�C, respectively. The process begins when the
nanophased dry-mixed powder is poured through
the feed hopper to get inside the barrel zone of the
extruder. As soon as they reach the barrel zone, PP
starts melting due to high barrel temperature. At
this stage, the whisker particles are randomly dis-
tributed within the liquid matrix. The outer surface
of the screw is designed to maintain close fit with
the barrel inner surface and molten mass trapped
inside the screw segment. As the extruder screw
rotates, this molten matrix partially mixed with the
nanoparticles, conveyed in a spiral pattern and
finally reaches the screw end, which is located im-
mediately before the die zone. The screw end is
shaped in such a way that it allows the flowing
mass to escape through a narrow openings at high
velocity. As the screw rotation is continued, the high
velocity liquid experiences enormous shear force.
The shear force at this high temperature can alter
the chemical and thermal properties of the PP and
the orientation of rod-shaped particles. It is assumed
that the rod-shaped particles are partially aligned at
this stage. The partially aligned rod-shaped particles
containing liquid PP now enters the die zone. It
should be noted that to ensure proper alignment of
fiber, the size of the die plate and the diameter of
the die opening are very critical. Hence, a specially
designed die was used in this process, which has a
converging inlet and narrow outlet (1 mm). This die
configuration generates two distinct flow regimes
that highly affect the fiber alignments. First, the con-
verging die inlet introduces a converging flow pat-
tern, which, in turn, aligns the fibers along the
streamline direction. Second, the narrow orifice
allows the flow pattern to transform into shear flow
as it enters the narrow orifice. The shear flow pro-
duces additional fiber alignment due to differential
shear rate along the boundary layer that orients the
fibers in the direction of flow.26,27

This process is continuous, and the composite fibers
with constant tension were extruded at a screw speed
of 8–10 rpm and feed rate of � 100 g/h. These fibers
were allowed to travel from the water bath (20�C) to a
set of tension rollers, winder guide rollers, and then
wound on a spool (Wayne Desktop Filament Winder) at
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a winding speed of 45 rpm. The process temperature,
speed ratio between the winder and extruder screw,
position of the roller guide, and filament travel dis-
tance, all these factors control the draw ratio k (ratio
of die orifice diameter to filament final diameter) of
the process as well as the continuity of the fibers.

Testing procedures

Differential scanning calorimetry (DSC) experiments
were carried out using a Mettler Toledo DSC 822e

from 30 to 300�C at a heating rate of 5�C/min under
nitrogen atmosphere and cooled from 300 to 30�C at
the same heating rate and atmosphere. The degree
of crystallinity was determined from the melting
endotherm. The percentage of crystallinity was
calculated using the following Eq. (1):

H�ð%Þ ¼
DHm

.
/pp

DHo
m

� 100

where DHm is the melting enthalpy calculated from
the area under the curve of melting endotherm, /pp

is the weight fraction of PP in the nanocomposite,
and DHo

m is enthalpy of fusion of 100% crystalline
PP (DHo

m ¼ 209 J/g).31,32

The as-received polymer powder, rod-Si3N4,
spherical-Si3N4 particles, and their PNC fibers were

analyzed for their shape and sizes using JEOL-2010
transmission electron microscopy (TEM) and JEOL-
5800 SEM. For TEM analysis, the sample grids were
prepared by dropping a drop of colloidal solution
of powdered sample in ethanol on a conversional
carbon-coated copper (200-mesh) grid. To study the
alignment/dispersion of Si3N4 in PP polymer, fibers
were examined using JEOL FE-JSM7000F field emis-
sion scanning electron microscope (FE–SEM). The
as-prepared PP fibers were placed on a double-sided
carbon tape and coated with gold palladium to
avoid the sample charging. To corroborate the align-
ment of the rod-Si3N4 in the PP polymer matrix, the
polymer was etched and coated with gold palladium
before the FE–SEM analysis. Etching of the speci-
mens was carried out in a HUMMER 6.2 Sputtering
system with aluminum target. The etching process
was done in the argon atmosphere for a span of 1 h.
The vacuum was maintained between 60 and 80
mtorr, and the current flow was maintained between
10 and 15 Å. Because of etching, most of the poly-
mer that covered the matrix layer facing the target
was etched out, and the Si3N4 nanorods were clearly
seen in the FE–SEM. Tensile tests were conducted
on a Zwick/Roell tensile tester with 20-N load cell.
Test specimens were cut and each of fibers were
aligned to the two ceramic grips, with a distance of
separation of 102 mm (gauge length). A minimum of
10 tensile tests were conducted to obtain the consis-
tence average values.

Figure 1 Single screw polymer fiber extrusion setup. [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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RESULTS AND DISCUSSION

The effect of rod-Si3N4 and sph-Si3N4 on melting
and crystallization temperature of PP was studied
by measuring the heating and cooling response
using DSC. Figure 2 depicts the melting curves of
(a) neat PP, (b) 1 wt % rod-Si3N4/PP, and (c) 2 wt %
rod-Si3N4/PP, and the results are summarized in
Table I. The melting enthalpy calculated from melting
curves indicates that the enthalpy values increased for
1 wt % rod-Si3N4/PP (81.14 J/g) and 2 wt % rod-
Si3N4/PP (100.21 J/g) when compared with neat
PP (78.62 J/g). These results clearly suggest that the
melting enthalpy affected significantly by the addition
of rod-Si3N4 nanoparticles. The crystallinity of the
polymer calculated using the Eq. (1) shows that the
crystallinity is increased by the addition of 1 wt %
rod-Si3N4/PP (39.2%) and 2 wt % rod-Si3N4/PP
(48.9%), respectively, when compared with neat PP
(37.3%). In the cooling curve, as expected, the recrys-
tallization temperature (shown in Fig. 3) is also
increased from 110�C (neat PP) to 113�C (2 wt % rod
Si3N4). The reason for the increase in crystallinity of
PP may be Si3N4 nanoparticles acting as nucleating

agents to initiate the initial crystallization of PP. These
results further confirm the increase in crystallinity of
rod-Si3N4 infused PP. These results are also consistent
with other reports on similar systems such as infusion
of CaCO3 nanoparticles in PP.33 It is also reported that
the higher (10–25 wt %) percentages of larger particle
(25 lm) sizes loading in PP show the decrease in crys-
tallinity.34 This decrease in crystallinity is in contradic-
tion to the common belief that the introduction of
nanoparticles into the polymer melt would enhance
the nucleation of crystallites in the polymer. It is also
well known that increase in crystallinity increases the
mechanical properties.29,30,35,36 To further understand
the effect of reinforcement, we have also studied the
crystallinity of sph-Si3N4 nanoparticle-infused PP.
These spherical Si3N4 nanoparticles are much smaller
and amorphous in nature. Figure 4 shows the DSC
melting curve of 1 and 2 wt % of sph-Si3N4 nanopar-
ticle-infused PP. The melting enthalpy measured for
1 wt % sph-Si3N4 infused in PP is � 97.05 J/g and
84.20 for 2 wt % sph-Si3N4 infused in PP. These melt-
ing enthalpies are much higher when compared with

Figure 2 The DSC melting curves of (a) neat PP, (b) 1 wt
% rod-Si3N4/PP, and (c) 2 wt % rod-Si3N4/PP. Inset
figure shows the melting points at closer look. [Color
figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

TABLE I
DSC Results of Neat PP, Rod-Si3N4/PP, and sph-Si3N4/PP Fibers

Sample
Melting

temperature (�C)
Melting

enthalpy (J/gm)
Recrystalization
temperature (�C) % Crystallinity

Neat PP 170 78.62 110 37.3
PP þ 1 wt % rod-Si3N4 171 81.14 112 39.2
PP þ 2 wt % rod-Si3N4 172 100.21 113 48.9
PP þ 1 wt % sph-Si3N4 170 97.05 113 46.9
PP þ 2 wt % sph-Si3N4 172 84.20 115 41.1

Figure 3 The DSC cooling curves of (a) neat PP, (b) 1 wt
% rod-Si3N4/PP, and (c) 2 wt % rod-Si3N4/PP. Inset
figure shows the crystallization points at a closer look.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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the neat PP (78.62 J/g) melting enthalpy. These results
also clearly suggest that the melting enthalpy affected
significantly by the addition of spherical-Si3N4 nano-
particles as well. The crystallinity calculated using the
Eq. (1) show that the crystallinity is increased by the
addition of 1 wt % sph-Si3N4/PP (46.9%) and 2 wt %
sph-Si3N4/PP (41.1%), respectively, when compared
with neat PP (37.3%). In the cooling curve, as
expected, the recrystallization temperature as shown
in Figure 5 is also increased from 110�C (neat PP) to
115�C (2 wt % spherical Si3N4). As explained earlier,
the reason for increase in crystallinity of PP is also
may be Si3N4 particles acting as nucleating agents
to initiate initial crystallization of PP. These results
further confirm the increase in crystallinity of sph-
Si3N4-infused PP, and these results are consistent with
rod-Si3N4 nanoparticles. As expected, the crystallinity
of 2 wt % spherical Si3N4-infused PP increased almost
2% more than that of 2 wt % rod Si3N4 nanoparticles
infused in PP. The reason for increase in crystallinity
of PP may be spherical Si3N4 nanoparticles activity of
acting as nucleating agents to initiate initial crystalliza-
tion of PP is more than that in the case of rod-Si3N4

nanoparticles because of their smaller size, high reac-
tivity, and amorphous nature.

Morphological studies

The SEM images in Figure 6(d–f) show the surfaces
and diameters of continues single fibers of (d) neat
PP, (e) 1 wt % sph-Si3N4/PP, and (f) 1 wt % rod-
Si3N4/PP.

The surfaces of these fibers are almost smooth and
uniform, and no defects were observed along the
length of the fiber. The diameters measured for these

single fibers are � 130, 110, and 150 lm, respec-
tively, for (d) neat PP, (e) 1 wt % sph-Si3N4/PP, and
(f) 1 wt % rod-Si3N4/PP. These diameters were used
to calculate the tensile strength of single fibers. FE–
SEM (JEOL FE-JSM7000F) studies have been carried
out to study the alignment of rod-Si3N4 in PP fibers.
To corroborate the alignment of the Si3N4 rods in PP
matrix, the polymer was initially etched and coated
with gold palladium before the FE–SEM analysis.
Etching of the specimens was carried out in a
HUMMER 6.2 plasma-etching system with alumi-
num target. The etching process was done in the
argon atmosphere for a span of 1 h. The vacuum
was maintained between 60 and 80 mtorr, and the
current flow was maintained between 10 and 15 Å.
The samples for FE–SEM experiments were prepared
by plasma etching the as-extruded rod-Si3N4/PP
fibers in argon gas for 30 min. Because of the etch-
ing, most of the polymer that covered the matrix
layer facing the target was etched out, and the Si3N4

rods were clearly seen in the FE–SEM. Figure 7(a)
clearly shows that the rod-shaped Si3N4 particles are
aligned in the fiber extrusion direction. These Si3N4

particles were surfaced only after deep etching of
the surface polymer. Such alignment of the rod-
shaped particles proves the ability of the extrusion
method to align the particles in the fiber extrusion
direction. To find out the alignment of rod-Si3N4

particles deep in the fiber, a higher magnification
FE–SEM was carried out and depicted in Figure
7(b). This micrograph shows a single rod-shaped
Si3N4 particle straight along the fiber extrusion
direction. Figure 7(c,d) shows the FE–SEM micro-
graph of tensile fracture surfaces of rod-Si3N4 fiber.

Figure 4 The DSC melting curves of (a) neat PP, (b) 1 wt
% sph-Si3N4/PP, and (c) 2 wt % sph-Si3N4/PP. Inset
figure shows the melting points at closer look. [Color
figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

Figure 5 The DSC cooling curves of (a) neat PP, (b) 1 wt
% sph-Si3N4/PP, and (c) 2 wt % sph-Si3N4/PP. Inset
figure shows the crystallization points at a closer look.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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These micrographs clearly show that the PP polymer
chains are entangled and exfoliated on the rod-Si3N4

particles. Figure 7(d) also sees the particles pullout
from the polymer matrix and uniform dispersion
of rod-Si3N4 nanoparticles in polymer matrix. The
rod-Si3N4 nanoparticles are aligned/dispersed in PP
fiber in different layers one below the other layers.
The micrograph clearly shows that the rod-shaped
particles are in the various levels of the fiber thickness.
This phenomenon plays the leading role in enhancing
the mechanical properties of composite fibers.

Tensile response

Tensile tests were carried out to study the effect of
alignment of rod-Si3N4 particles in PP polymer on
tensile strength and modulus. The single fiber tests
were carried out according to the ASTM standard D
3379-7537 using Zwick/Roell tensile testing equip-
ment with a 20-N load cell. Test specimens were cut

and each of these fibers were aligned to the two
ceramic grips, with a distance of separation of
102 mm (gauge length). The fiber dimensions were
measured using SEM for accuracy. The tensile
stress–strain curve is shown in Figure 8, and the
data are summarized in Table II. The ultimate tensile
strength of 1 and 2 wt % of rod-Si3N4/ PP is 249.48
and 307.21 MPa, respectively, whereas the neat PP is
63.58 MPa. These results show that the ultimate ten-
sile strength is increased by 383% when compared
with that of neat PP. To understand further the
effect of reinforcement, we have also studied the
tensile properties of sph-Si3N4 nanoparticles infused
in PP, and the results are summarized in Table II
and shown in Figure 9. The ultimate tensile strength
of 1 and 2 wt % of sph-Si3N4/ PP is 193.07 and
236.76 MPa, respectively. These results clearly shows
that the reinforcement of rod-Si3N4 nananoparticles
in PP is higher (70.48 MPa) in strength when com-
pared with the sph-Si3N4 nanoparticle in PP. The

Figure 6 SEM micrograph of (a) as-received PP, (b) TEM micrograph of as-received sph-Si3N4, (c) as-received rod-Si3N4
and SEM micrographs of (d) neat PP, (e) 1 wt % sph-Si3N4/PP, and (f) 1 wt % rod-Si3N4/PP fibers. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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main reason for this may the alignment of rod-Si3N4

nanoparticles in fiber extrusion direction (tensile),
which may not be significant in the case of sph-Si3N4

nanoparticles alignment in PP fibers. The tensile

modulus was calculated from the stress versus strain
curve (Figs. 8 and 9) of neat PP, and 1 and 2 wt % of
rod-Si3N4 and sph-Si3N4 are 0.49, 4.03, 5.03, 4.05, and
4.37 GPa, respectively. This strength/modulus of
2 wt % rod-Si3N4 nanocomposite fiber 307 MPa/
5.03.4 GPa) is more than that of the neat PP (63.58
MPa/0.49 GPa), which indicates the exceptional load-
bearing capability of rod-Si3N4 and their potential
applications in structural composite materials.
The reason for high increments in tensile properties

is may be due to the alignment and exfoliation of rod-
shaped Si3N4 particles in PP polymer. These signifi-
cant improvements of tensile modulus were attributed
to the infusion of high-strength Si3N4 nanoparticles

Figure 7 FE–SEM micrographs of (a) and (b) aligned rod-Si3N4 in PP matrix and (c) and (d) rod-Si3N4/PP tensile
fracture surface.

Figure 8 Tensile response of (a) neat PP, (b) 1 wt %
rod-Si3N4/PP, and (c) 2 wt % rod-Si3N4/PP. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

TABLE II
Tensile Response of Neat PP, Rod-Si3N4/PP,

and sph-Si3N4/PP Fibers

Type

Tensile
strength
(MPa)

%
Improvement

Tensile
modulus
(GPa)

Neat PP 63.58 – 0.49
PP þ 1 wt % rod-Si3N4 249.48 292 4.03
PP þ 2 wt % rod-Si3N4 307.21 383 5.03
PP þ 1 wt % sph-Si3N4 193.07 204 4.05
PP þ 2 wt % sph-Si3N4 236.76 272 4.37
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and their alignment in extrusion direction of PP poly-
mer filaments. These results are consistent with the
FE–SEM analysis and also with our previous results
(179% for strength and 276% for modulus practically
without any loss of fracture strain)29 on Si3N4

rod-shaped and spherical nanoparticles infused in
Nylon-6. As we discussed earlier in our DSC results,
Hao and et al.38 also reported the crystallization
kinetics of PP infuse Si3N4 nanocomposites and found
that the crystallization temperature of PP nanocompo-
sites with 2 wt % of Si3N4 is highest, indicating that
the crystallization rate is highest at this loading
percentage because of the high nucleation activity of
Si3N4 at 2 wt % loading. In our case, we also found
that the highest crystallization loading is � 2 wt % of
Si3N4 both spherical and rod-shaped particles. In the
case of rod-shaped particles, the increase in tensile
strength is higher than the spherical particles at the
same nanoparticles loading. This suggests that in case
of rod-Si3N4 particles infusion in PP, the added
advantage is the alignment of particles in the extrusion
direction. The effects of alignment on tensile properties
were observed in our earlier studies as well.29,30,36,39,40

Recently, Xu and his coworkers41 also reported their
research results on nanoamorphous Si3N4 particles in
PP polymer. In contrary to our results, they found that
the infusion of amorphous Si3N4 nanoparticles in PP
and the tensile properties nanocomposites were mar-
ginally decreased. The reason for this difference may
be the variation in the processing technique sample
dimensions. In our case, the test samples are in the
form of fibers, and particles are rod shaped where the
effect of alignment is significant.

In the present study, we have achieved significant
improvements in tensile strength and modulus

with loss of toughness. Because toughness depends
on several factors, it is difficult to increase the
toughness by reinforcement of nanoparticles in
polymers.42 Usually, the toughness has been charac-
terized by Izod or Charpy impact energy, which is
plastic, work dominating. In the current study, the
sample sizes are not suitable for direct impact tests.
In general, the toughness decreases with decreasing
particle size or amount. In the present study, the
toughness of nanocomposites is also decreased
drastically when compared with the neat PP. These
results are consistent with the other reports in the
literature.13,34 It is well known in the literature that
with the addition of most of the nanoparticles to the
polymer, they become more brittle and decrease the
ductility and toughness of the polymer. We have
also repeatedly observed in our earlier studies on
infusion of CNTs and nanoparticles coated CNTs in
Nylon-6 polymer decrease the toughness.29,30,36,39 In
some cases, the decrease is drastic, and, in others, it
is marginal. It depends on the type of nanoparticles
and polymer-processing technique. In one of our
recent study, we have also observed the increased
tensile strength without loss of ductility in case of
Nylon-6 infused with SiO2 nanoparticles.43 Chan
and his coworkers44 recently reported the marginal
to no increase in ductility in case of PP infused with
9.2 wt % CaCO3 nanoparticles at the loss of 12%
ultimate tensile strength. To increase the toughness
of a thermoplastic polymer, it needs to be modified
with plasticizer or infused with a surface modified
and hybrid nanoparticles. More studies are needed
in this direction to improve the toughness along
with strength. The further studies in this direction
are in progress.

CONCLUSIONS

We have successfully aligned the rod-Si3N4 nanopar-
ticles in PP single fibers through melt extrusion pro-
cess, and these results are compared to neat PP and
sph-Si3N4 nanoparticles infused in PP single fibers.
The DSC results indicates that the crystallinity is
increased � 12 and 10% by the addition of 2 wt %
rod-Si3N4 and 1 wt % sph-Si3N4 in PP, respectively,
when compared with neat PP. Significant enhance-
ment in tensile properties has been observed for
2 wt % rod-Si3N4 nanoparticles infused in PP when
compared with the neat PP and sph-Si3N4 nanopar-
ticles infused in PP. The tensile results clearly show
that these nanocomposite polymer fibers are much
(307%) higher in tensile strength and modulus
(>1000%) when compared with the neat PP fibers.
The FE–SEM results clearly suggest that the rod-
Si3N4 nanoparticles can be successfully aligned in
the fiber direction through melt extrusion process.

Figure 9 Tensile response of (a) neat PP, (b) 1 wt % sph-
Si3N4/PP, and (c) 2 wt % sph-Si3N4/PP. [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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