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ABSTRACT: Investigated in the present study are the
physical properties, morphology, and structure of PP/N6
alloy filaments (10, 20 wt % N6) made with or without
PP-g-MAH as compatibilizer. The alloy filaments produced
at the take-up speeds of 300 and 800 m/min were drawn
with draw ratio of 3.5 and 2, respectively. Stress–strain
curves of PP and alloy filaments show ductile and brittle
behavior, respectively. It is suggested that the brittle behav-
ior of alloy filaments is due to the presence of microvoids or
micropores at the interface of PP and N6; these lead to stress
concentration and thus to a decrease in tenacity, modulus,
and elongation at break. Effects of the blending of N6 with
PP on birefringence and crystalline and amorphous orienta-
tion factors of the composite filaments are studied. The

amorphous orientation factor, fam, of PP was found to in-
crease with an increase in the amount of N6. The alloy
filaments behaved like isostrain materials and most of the
force in spinning and drawing was born by the PP phase.
The presence of N6 fibrils helped to orient PP chain mole-
cules in amorphous regions. However, the crystalline factor,
fc, of PP decreased with the increase in nylon fraction. This
means the presence of the crystals of N6 caused a decrease in
the orientation of the PP crystals. LSCM micrographs of the
filament showed the presence of matrix–fibril morphology
with the N6 fibrils oriented along the axis. © 2005 Wiley
Periodicals, Inc. J Appl Polym Sci 97: 532–544, 2005
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INTRODUCTION

The purpose of blending polymers is to obtain mate-
rials with additional properties with minimum sacri-
fice in original properties.1,2 An immiscible blended
polymer system usually has a microstructure with the
phase separation between components. This system is,
therefore, a new polymeric material with special fea-
tures of each polymer. In immiscible polymer blends,
the major component forms a continuous matrix while
the disperse component assumes different forms (drop-
let, rod, fibril, or lamella).3 For improving strength and
stability of the interface in the immiscible polymer
blends, interface modifiers are added.4

It has been reported that melt spinning of immisci-
ble polymer blends into fibers is of great interest to the
industry as synthetic fibers containing improved
properties could be produced.5

Production of polypropylene (PP) fibers has in-
creased at an accelerated rate due to the simplicity of

the production technology involved and the valuable
properties the fiber possesses: very low density, chem-
ical resistance, and sufficiently high physicomechani-
cal characteristics, including high resistance to wear.
Blends of PP and nylon 6 (N6) have received much
attention in recent years.6 PP and N6 are immiscible
polymers that, when combined, lead to materials with
improved chemical and mechanical characteristics.
PP-g-MAH has been shown to be an effective compati-
bilizer for the system.7 The elongation force field in the
melt spinning process has been found to be more
effective in producing fibrillar morphology than the
shear force field present in the extrusion and molding
processes.8

Takahashi and coworkers9 studied the effect of vis-
cosity ratio (the ratio of the viscosity of PP to that of
N6) on the structure of PP/N6 fibers. They proposed
that, for a polyblend fiber having a viscosity ratio
greater than 1, the crystal orientation of PP was con-
siderably lower than that observed when the viscosity
ratio was less than 1. They investigated10 the effect of
drawing on the structure and physical properties (ten-
sile strength, elongation) of the PP/N6 polyblend fi-
bers. Also, they examined11 the effect of the fractions
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of PP and N6 components on the creep characteristics
of the fiber.

Grof and coworkers et al.12 showed, by addition of
the interface modifier, PP-g-MAH, the fiber extrusion
process became more effective and the properties of
the fibers (tenacity and modulus) improved. These
investigators also examined the effect of drawing on
the physical properties of PP/N6 fibers in which N6
fraction was varied over 0 to 10 wt %.13,14

Liang and coworkers15 investigated the effect of
extruding PP/N6 through a capillary rheometer on
the rheology and phase morphology and also studied
the development of structure during melt spinning of
fibers.

As was shown in our previous paper,31 N6 droplets
coalesced during melt spinning and led to the devel-
opment of fibrillar morphology in polyblend fibers. In
the present study, alloy filaments were produced from
PP and N6 containing 0 and 10% N6 and 0% PP-g-
MAH in one set and 10 and 20% N6 along with 5%
PP-g-MAH in another set. The melt spun filaments
were taken up at two different speeds, namely 300 and
800 m/min. For studying the effect of drawing on
orientation in the crystalline and amorphous regions
of PP and N6 phases, the alloy filaments were drawn
at two draw ratios, 3.5� for filaments extruded at 300
m/min and 2� for filaments extruded at 800 m/min.
For calculating orientation factors in the amorphous
regions of PP and N6 of the alloy filaments, two dif-
ferent methods involving different assumptions were
used. Morphology was examined using a laser scan-
ning confocal microscopy (LSCM). The orientation fac-
tor of crystalline regions was determined with a wide-
angle X-ray diffraction (WAXD) unit. Tensile proper-
ties (tenacity, elongation at break, and modulus) were
determined using standard ASTM methods. Sonic
modulus was determined using a pulse propagating

meter (PPM-5R). The wetting characterics, including
contact angle and work of adhesion, were determined
using a Wilhelmy dynamic contact angle device. A
number of models were used for understanding the
experimental values of tenacity and modulus found in
the alloy filaments.

EXPERIMENTAL

Materials

Commercial fiber grade isotactic polypropylene
known as Escorene was obtained from Exxon Chem-
ical Co. PP had a melt flow index (MFI) of 16.7 g/10
min, density of 0.97 g/cm3, and Tm of 170°C. Fiber
grade nylon 6 was supplied by Allied Signal Co., USA.
N6 had MFI of 27.6 g/10 min, density of 1.14 g/cm3,
and Tm of 220°C). PP-g-MAH (trade name PB 3150)
was received from Uniroyal Chemical Co., USA. This
polymer had MFI of 50 g/10 min, MAH index of 1.5%,
and density of 0.9 g/cm3. Table I shows the composi-
tion of filaments, take-up speeds and draw ratios.

Fiber spinning

Before melt spinning, the N6 polymer chips were
dried in a vacuum oven for 24 h at 80°C. The melt
spinning process was performed on the Alex James
and Assoc. Inc melt extruder with a spinneret contain-
ing 64 holes, each with 0.6 mm diameter and 2.3 L/D
ratio. The processing temperatures were controlled at
five different zones in the extruder from the feed to
die; the temperatures were 235, 245, 250, 265, and
270°C. Undrawn filaments were taken-up at 300 and
800 m/min.

TABLE I
Compositions, Take-up Speeds, and Draw Ratios Used for Making Alloy Filaments

Sample code PP (wt %) N6 (wt %) PP-g-MAH (wt %) Take-up speed (m/min) Draw ratio

A1 100 0 0 300 —
A2 90 10 0 300 —
A3 85 10 5 300 —
A4 75 20 5 300 —
A5 100 0 0 800 —
A6 90 10 0 800 —
A7 85 10 5 800 —
A8 75 20 5 800 —
A9 100 0 0 300 3.5
A10 90 10 0 300 3.5
A11 85 10 5 300 3.5
A12 75 20 5 300 3.5
A13 100 0 0 800 2
A14 90 10 0 800 2
A15 85 10 5 800 2
A16 75 20 5 800 2
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Drawing of filaments

The filament yarns were drawn on a Dienes single-
position experimental drawing unit (Dienes Apparate-
bew GMBH, Mulheim, Germany). Figure 1 illustrates
the arrangement of the drawing rollers employed in
this investigation. The temperature of hot plate was
120°C and that of the rollers was 100°C. The samples
collected at 300 m/min were drawn at 3.5� and those
collected at 800 m/min were drawn at 2�.

Tensile properties

Stress–strain curves of single alloy filaments were ob-
tained using a Sintech tensile tester at 65% RH and
20°C, with a gauge length of 5 cm and a cross-head
speed of 25 cm/min (ASTM D 2256).

Sonic modulus

For determining sonic modulus, a pulse propagation
meter (Dynamic Modulus Tester PPM-5R, H. M. Mor-
gan Co. Inc.) was used. This device relies on the prin-
ciple of measuring the velocity of longitudinal waves
through the specimen. The distance between two pi-
ezoelectric transducers, one acting as the transmitter
and the other as the receiver, which are in contact with
the specimen, changes during the test. The velocity of
the pulse is determined by the slope of a plot of the
distance against time. The sonic modulus was calcu-
lated by the following relationship reported by Mose-
ley:16

E � 11.3 � C2 (1)

where C represents the sonic velocity in Kms �1 and E
represents Young’s modulus (gf/denier).

Wetting characteristics

For measuring surface wetting properties of a single
filament, we used the Wilhelmy balance (Cahn
C-2000).18 The technique yields the values of the ad-
vancing and the receding contact angles by evaluating
the forces that cause the liquid interline to advance or
recede, respectively, over the surface of the filament.
According to the Wilhelmy principle, the vertical com-
ponent of the attractive force across the interface be-
tween a partially immersed solid and a liquid surface
is expressed as follows:

Fw � �LVP cos � (2)

where Fw is the wetting force (dyne), �LV is the surface
tension of the liquid (dyne/cm), P is the perimeter of
the fiber (cm), and � is the contact angle between the
liquid and fiber surface.

The term �LV cos � can also be used to define a
parameter called the wettability index (WI), which
gives a normalized or intrinsic value of the Wilhelmy
force, i.e.:

WI�
FW

P � �LVcos � (3)

Using the procedure described elsewhere,18 a speci-
men was prepared in which the end was loaded with
a platinum sinker and the assembly was suspended
from the balance and tared and was traversed into and
out of the liquid (deionized ultrafiltered water) at 750
�m/min. From the sum of the measured force and the
calculated buoyancy force of the sinker, the value of
the Wilhelmy force was calculated. This, divided by
the product of the perimeter of the fiber and the sur-
face tension of the fluid, gave the value of the cosine of
the contact angle. For each specimen, three determi-
nations were made for both the advancing and the
receding modes.

Laser scanning confocal microscopy

LSCM is nondestructive powerful tool for examining
and reconstructing the underlying (embedded) three-
dimensional structures with a high degree of accur-
acy.18 The added advantage of using this technique on
two-phase polymeric material is that the light beam
interacts with each of the phases differently. This al-
lows an effective means for examining and character-
izing in situ the phase distribution and separation
phenomena in polyblend materials.18 The microscope
can be used to construct images in various scanning

Figure 1 Arrangement of Diens drawing unit used for
drawing alloy filaments.

534 AFSHARI ET AL.



modes, including planar (XY scan), vertical (XZ scan),
and time-dependent programmed mode. Only limited
work involving the use of LSCM of fiber has appeared
in scientific literature. To our knowledge, morphology
of alloy filaments has not been studied using this
technique.

The fibers were imaged using Leica DMRBE LSCM,
which was equipped with three laser systems: an Ar-
ion (488 and 514 nm), a Kr-ion (568 nm), and a He-Ne
(632.8 nm). For the purpose of imaging, the 488 nm
line of the Ar-ion laser was used in conjunction with a
40� NA 1.25 oil immersion objective.

X-ray analysis of polyblend fibers

A Siemens X-ray diffraction unit, operated at 30 KV
and 20 mA, with a Cu K� (� � 1.54 Å) line, was used
to estimate the crystal size and the magnitude of the
crystalline orientation. The alloy filaments were hand
wound parallel on a sample holder; the latter was
positioned perpendicular to the axis of X-ray beam.

The 040 and 110 monoclinic reflections of PP were
recorded and used to compute Hermans–Stein crys-
talline orientation factors.19 These factors can be used
to indicate the orientation of the third crystallographic
axis with respect to the fiber axis. They are defined in
such a way that the orientation factor is unity if the
crystallographic axis is aligned parallel to the fiber
axis, �0.5 if the axis is aligned perpendicular to the
fiber axis, and 0 if the axis is distributed randomly in
the sample. The orientation factor is given by

fj � �3 cos2�j,z 	 1�/2 (4)

where cos2 �j,z is the average value of the square of the
cosine of the angle between the fiber axis and the j
crystallographic axis (j � a, b, or c). Assuming rota-
tional symmetry about the fiber axis, the value of this
quantity is given as follows:

cos2�j,z �

�
0


/2

Ihkl��j,z�cos2�j,zsin �j,zd�j,z

�
0


/2

Ihkl��j,z�sin �j,zd�j,z

(5)

where Ihkl(�j,z) is the intensity of the diffracted beam
from the (hkl) planes that are normal to the j-crystal-
lographic axis.

Using eqs. (4) and (5), the value of fb was computed
from the intensity distribution in the 040 reflection. In
monoclinic polypropylenes, the chains are helically
configured whose axes lie along the c-crystallographic
axis. In oriented fibers there is no convenient set of
diffraction planes that lie perpendicular to the c-axis,

and, therefore, the method of Wilchinsky20 was used
to compute fc. Wilchinsky20 has shown that, for mon-
oclinic polypropylene,

cos2�c,z � 1 	 1.1099 cos2�110,z 	 0.901 cos2�040,z (6)

where cos2 �110,z and cos2 �040,z are obtained from
intensity measurements on the 110 and 040 reflections.
Therefore, the quantity cos2 �c,z was determined using
eq. (6).

Crystal size was calculated from the Scherrer’s
equation:21

L �
0.9�

� cos �
(7)

where L is the crystallite dimension, � is the wave-
length, and � is the breadth at half maximum inten-
sity.

For orientation of the pseudohexagonal nylon 615 in
melt spun fibers, we used the 002 equatorial reflection.

cos2�c,z � 1 	 2 cos2�002,z (8)

fa � fb � �fc/2 (9)

Birefringence measurements

Birefringence was measured with an interference mi-
croscope (Martin Microscope Co). The objective lens
used was 12.5�, 0.25 NA. The magnitude of amor-
phous orientation in the fibers was determined using
the theory of Stein and Norris.20 The total birefrin-
gence is composed of the amorphous and the crystal-
line contributions and of the form value:

�n � fcx�n°c � fam�1 	 x��n°am � �nform (10)

where �nc
° and �nam

° are the intrinsic birefringences
of the crystalline and amorphous regions, respec-
tively, and x is the degree of crystallinity. For intrinsic
values of birefringence of PP, we accepted the results
of Samuels, i.e., �nc

° � 0.0331 and �nam
° � 0.0468,22

and for N6 we accepted the values calculated by Bal-
cerzyk et al.,23 �nc

° � 0.089 and �nam
° � 0.078. �nform

is the so-called form birefringence24 and was calcu-
lated from eq. (11):

�nform �
�1�2�n1

2 	 n2
2�

2n11���1 � 1�n2
2 � �2n1

2�
(11)

where �1 and �2 are the volume fractions of the dis-
persed phase (Nylon 6) and the matrix (PP), respec-
tively, and n1 and n2 are their corresponding refractive
indices. n11 refers to the refractive index of the blend
composition along the fiber axis.
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Calculations for the alloy filaments show that �nform
is about 0.0005 for (90/10), 0.00048 for (85/10/5), and
0.000848 for (75/20/5) compositions. Accordingly, the
form birefringence had little contribution to the total
birefringence and was therefore neglected in the cal-
culations. To calculate fam, we used �n from birefrin-
gence measurements, x from DSC, and fc from WXRD
measurements.

Thermal properties

A Perkin–Elmer differential scanning colorimeter
(Model DSC7), calibrated with indium, was used to
study the thermal behavior of the alloy filaments.
Specimens of 3 to 5 mg were encapsulated in alumi-
num pans and heated at the rate of 20°C/min from the
room temperature to 250°C and subsequently cooled
to the room temperature. The fusion enthalpies, �Hf,PP
and �Hf,N6, were measured and the degrees of crys-
tallinity, c,PP and c,N6, were calculated from the fol-
lowing equations:

c,N6 �
�Hf,N6

�H°f,N6
�

1
wN6

� 100 (12)

c,PP �
�Hf,PP

�H°f,PP
�

1
wPP

� 100 (13)

where �H°f,PP and �H°f,N6 are the fusion enthalpies of
completely crystalline PP and N6 materials,26 respec-
tively, and wPP and wN6 are the corresponding weight
fractions of the two materials in the alloy filaments.
The values of �H°f were taken from the literature,
which were 50 and 55 cal/g, respectively, for PP and
N6.26

RESULTS AND DISCUSSION

Figures 2–4 show that, with increasing take-up speed
and draw ratio, the values of tenacity and modulus
increased and that of elongation at break (%) de-
creased for all filaments. Lower values of mechanical
properties of the alloy filaments compared to those of
the neat PP material is due to the presence of cracks or
microvoids (flaws) at the interface of the alloy fila-
ments that lead to concentration of stresses.14 The
alloy filaments, however, clearly have adequate tensile
strength for most practical uses.

The figures show that, with increasing amounts of
N6, tenacity, modulus, and elongation (%) at break
decreased. The alloy filaments containing 10 wt % of
N6 generally show higher values of tenacity, modulus,
and elongation (%) at break with the compatibilizer
than without it. This is most likely due to relatively
greater adhesion between PP and N6 in the presence
of PP-g-MAH. Similar results have been reported on
the effect of compatibilizer on modulus by Grof et al.12

and on tenacity and elongation by Takahashi et al.10 in
PP/N6 polyblend fibers.

The stress–strain curves of alloy filaments show
brittle behavior (Fig. 5) while those of PP filaments
(Fig. 6) show ductile behavior. This change is partic-
ularly observed in transition from PP (100/0/0) to the
alloy (75/20/5) filaments. Lower values of tensile
properties noted above in the alloy filaments support
the presence of brittle character. The latter is consid-
ered to be due to the existence of cracks or voids
(flaws) in the matrix (PP) that act as stress concentra-
tion points.

Several investigators have proposed models for es-
timating the values of tensile properties of alloy fila-
ments; among these are Leidner26 and Nielsen27,28 for

Figure 2 Tenacity (g/denier) of undrawn and drawn PP and alloy filaments.
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tenacity and Paul29 for elastic modulus. We used these
models for calculating the values of tenacity and mod-
ulus for our materials.

Leidner model

The Leidner equation26 applies to the case of no ad-
hesion between the matrix and the inclusion, so that
the stress is transferred from the matrix to the spher-
ical inclusion by frictional forces only. In this model
the tenacity is given by

� � �m�1 	 �2� (14)

where �2 is the volume fraction of N6 and �m is the
tenacity of matrix (PP).

Leidner equation could be fitted to the experimental
data by a linear regression with a correlation coeffi-
cient r2 � 0.97.

Nielsen model

Nielsen27 also proposed a tenacity equation for a
blend system having spherical inclusions and no ad-
hesion between the matrix and the inclusions:

� � �m�1 	 �2
2/3�S (15)

where, S is the stress concentration function, which
has a value of 1 (maximum) when there is no stress
concentration. The values of tensile strength calcu-
lated by this model assuming S � 1 may be considered
as maximum, since stress concentrations will tend to

Figure 3 Elongation at break (%) of undrawn and drawn PP and alloy filaments.

Figure 4 Modulus of undrawn and drawn PP and alloy filaments.
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lower the values. We calculated the tenacity with this
model and used linear regression to correlate the cal-
culated values with the experimental and obtained the
following results: S � 0.5 (r2 � 0.647), 0.6 (r2 � 0.75),
0.7 (r2 � 0.839), 0.8 (r2 � 0.908), 0.9 (r2 � 0.954), and 1
(r2 � 0.978).

Modified Nielsen model

Nielsen28 suggested that eq. (16) must be used for tensile
strength when voids or holes are present in the system.

� � �mexp��a�2� (16)

with a proper choice of the value of the constant a, a
theoretical fit for the experimental values can be ob-
tained. The negative sign comes from the assumption
that the property decreases with an increase in the
volume fraction of the holes. When hard inclusions are
present in the matrix, a positive sign can be used for
the property increase. We calculated tenacity with this
model for different values of the constant a and, as
before, correlated these with all the values found ex-
perimentally, with the following results: a � 0.5 (r2 �
0.956), 0.6 (r2 � 0.96), 0.7 (r2 � 0.964), 0.8 (r2 � 0.967),
0.9 (r2 � 0.97), and 1 (r2 � 0.973).

Paul’s model

For examining the relationship between composition
and interfacial adhesion and modulus, we used Paul’s
equation.30 Paul used the energy theorems of elasticity
theory and derived the solution for the elastic modu-
lus in tension for two phase materials, the assumption
being that both matrix (m) and inclusion (i) have the
same value of Poisson’s ratio. For the system having
perfect adhesion at the boundary:

E � Em

Em � �Ei 	 Em��2
2/3

Em � �Ei 	 Em��2
2/3�1 	 �2

1/3�
(17)

For the system in which the particle inclusions are
loose:

E � Em

�1 	 �2
2/3�

1 	 �2
2/3�1 	 �2

1/3�
(18)

We used eq. (18) and found correlation with the ex-
perimental data given by r2 � 0.967. The effect of
interfacial adhesion has not been considered in any of
these equations and, therefore, we could not account
for the effect of compatibilizer on the properties by
any of these models.

Figure 7 shows that sonic modulus of all filaments
increased with an increase in the take-up speed and
draw ratio. The undrawn and drawn alloy filaments
show higher values of sonic modulus than do the PP
filaments. The sonic modulus values of drawn alloy
filaments with 10 wt % or more N6 are higher with
compatibilizer than without it. Increasing interfacial
adhesion between PP and N6 by adding compatibi-
lizer obviously increased the velocity of propagation
of sonic pulse. An increase in sonic modulus with the
amount of N6 shows that, at such high frequency, N6
starts to take up the force and contribute to the prop-
erties. But under static conditions (Instron tests) this
does not happen and, therefore, the Instron modulus
of the alloy filaments is lower than that of the neat PP
filaments. A higher value of the sonic modulus than
the static is obviously due to the former being more
nearly the elastic modulus while the latter is the so
called complex modulus, governed by both the elastic
or storage and the viscous or loss effects.

Percent crystallinity for PP and N6 components
were calculated using DSC. The results, given in Table
II, show that, with an increase in take-up speed and

Figure 5 Stress–strain curve of (75/20/5) alloy filament
produced at take-up speed of 300 m/min and draw ratio of
3.5.

Figure 6 Stress–strain curve of PP filaments produced at
take-up speed of 300 m/min and draw ratio of 3.5.
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draw ratio, the percent crystallinity of PP and N6
components in the alloy filaments increased.

Also, as shown in this table, the total birefringence
increased with an increase in the fraction of N6, the
take-up speed, and the draw ratio.

Calculation of the amorphous orientation factor

Orientation factor for the crystalline region was calcu-
lated from the X-ray diffraction data. The results
showed that, with an increase in the amount of N6, the
orientation factor for the crystalline region decreased
for PP, but increased for N6. The orientation factor for

the crystalline regions of PP and N6 in alloy filaments
is slightly higher with compatibilizer than without it.

For calculating the orientation factor for amorphous
regions in the alloy material, we used values of bire-
fringence from optical microscopy, percent crystallin-
ity from DSC data, and fc for PP and N6 from the X-ray
data.

We assumed that the following relations should
hold in the alloy filaments:

�n°c � wpp � �n°c,pp � wN6 � �n°c,N6 (19)

�n°am � wpp � �n°am,pp � wN6 � �n°am,N6 (20)

Figure 7 Sonic modulus of undrawn and drawn PP and alloy filaments.

TABLE II
Crystallinity, Orientation Factor of Crystalline Regions, Crystal Size, and Birefringence of Alloy Filaments Produced

with Various Speeds and Draw Ratios

Sample code PP/N6/PP-g-MAH % Crystallinity of PP % Crystallinity of N6 fc,PP fc,N6 L (Å) �n

300 m/min
A1 (PP) 38.8 — 0.16 — 18.73 0.00641
A2 (90/10/0) 33.45 14.1 0.13 0.003 37.21 0.00643
A3 (85/10/5) 42.67 9.38 0.136 0.007 24.83 0.00658
A4 (75/20/5) 53.82 10.85 0.096 0.035 28.39 0.00985

800 m/min
A5 (PP) 45.52 — 0.40 — 25.09 0.01747
A6 (90/10) 40.32 18.9 0.35 0.12 31.72 0.018683
A7 (85/10/5) 43.1 14.3 0.38 0.14 43.55 0.019023
A8 (75/20/5) 53.7 25.8 0.34 0.18 70.8 0.02063

300 m/min, DR � 3.5
A9 (PP) 46.52 — 0.58 — 47.94 0.028683
A10 (90/10) 47.64 26.0 0.54 0.16 51.5 0.029135
A11 (85/10/5) 50.28 25.72 0.55 0.17 60.24 0.030381
A12 (75/20/5) 63.21 29.7 0.44 0.21 72.3 0.031649

800 m/min, DR � 2.0
A13 (PP) 44.9 — 0.73 — 48.9 0.031472
A14 (90/10) 49.12 21.02 0.68 0.31 51 0.031968
A15 (85/10/5) 51.01 15.3 0.71 0.32 50.4 0.032431
A16 (75/20/5) 68.61 38.1 0.64 0.36 68.32 0.034215
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fc � wPP � fc,PP � wN6 � fc,N6 (21)

c � wPP � c,PP � wN6 � c,N6 (22)

�nalloy � cfc�n°c � �1 	 c�f�am�n°am (23)

where w, x, and f are weight fraction, fractional crys-
tallinity, and orientation factor, respectively. �nc

° and
�nam

° are the intrinsic birefringences of the crystalline
and the amorphous regions, respectively. In this
method, we calculated the average value of the orien-
tation factor for the amorphous regions of alloy fila-
ments (f�am).

With the increase in the amount of N6, the orienta-
tion factor for crystalline regions of PP decreased and
that of N6 increased in both the undrawn and the
drawn alloy filaments (Table II). Liang and cowork-
ers15 had shown that, for a given spinline stress, with
increase in the fraction of N6, the orientation factor of
crystalline region decreased for PP but increased for
N6; this agrees with the results we obtained. The
crystal size of plane (110) of PP increased with in-
crease in the take-up speed and the draw ratio. Teli
and coworkers30 reported an increase of crystal size of
PP for plane (110) in fibers from blend of PP/PBT and
PP/PET. It is clear from the results of crystallite size
based on the (110) plane of PP that in alloy filaments
crystals grow in size with an increase in the amount of
N6. Such an increase in the size of the crystals seems
to bring down the orientation of chain molecules in PP
crystals.

As noted from the results in Table III, with an
increase in the amount of N6 the orientation factor of

amorphous regions in the compatibilized PP/N6 alloy
filaments f�am increased. An increase in the take-up
speed and draw ratio also led to significant increase in
the orientation factor for amorphous regions. It is
interesting to note that the amorphous orientation fac-
tor f�am is quite high (	 0.7) for materials that were
drawn and, in two instances (75/20/5), the value ap-
proached unity, which is expected of a perfectly ori-
ented structure.

Next, we estimated the values of fam for two com-
ponents. For this, we assumed that the birefringence
of the neat N6 was 0.03 for undrawn and 0.055 for
drawn filaments. These values were taken from the
information in the literature.23 Additionally, it was
considered that the contributions by �n of PP and N6
to that of the alloy filament depended on the mass
fractions of PP and N6. We assumed that the mass
fraction of PP included the mass fraction of the com-
patibilizer in the material. Using this concept [eq. (24)],
we calculated birefringence of PP and then orientation
factors for the amorphous areas of PP and N6 from
eqs. (25) and (26).

�nalloy � wPP�nPP � wN6 � �nN6 (24)

wPP�nPP � c,PPfc,PP�n°c,PP � �1 	 c,PP�fam,PP�n°am,PP (25)

wN6�nN6 � c,N6fc,N6�n°c,N6 � �1 	 c,N6�fam,N6�n°am,N6

(26)

Saito and Innoue32 used a similar approach [eq. (27)]
to estimate the composition of miscible polymers
where positive and negative birefringences cancel out
and result in a birefringence-free mixture.

�n � �n°AfA�A � �°BfB�B � �nF (27)

where �n°i is the intrinsic birefringence of i polymer, fi
is the orientation factor, �i is the volume fraction, and
�nF is the form birefringence, which is assumed to be
zero for the miscible blends.

The results from this method for the noncompatible
pair of polymers, namely polypropylene and nylon 6,
show that, with an increase in the fraction of N6, fam,PP
generally varied but was lower than that for the cor-
responding PP filament. Since the orientation factors
for the crystalline and amorphous regions of N6 are
generally very low, the values of f�am [eq. (23)] and
fam,PP are reasonably close. Accordingly, most of the
force generated in drawing or spinning is borne by PP,
which implies that the behavior of the alloy filaments
of this study is similar to those of the isostrain sys-
tems.

Fiber morphology determined with laser scanning
confocal microscopy

LSCM micrographs of the structure of the alloy fila-
ments are included in Figures 8–11. The photographs

TABLE III
Orientation Factor of Amorphous Regions Calculated by

Different Methods

Sample code PP/N6/PP-g-MAH f�am fam,PP fam,N6

300 m/min
A1 (PP) 0.152 0.152 —
A2 (90/10) 0.146 0.064 0.044
A3 (85/10/5) 0.166 0.062 0.042
A4 (75/20/5) 0.289 0.099 0.082

800 m/min
A5 (PP) 0.449 0.449 —
A6 (90/10) 0.446 0.394 0.016
A7 (85/10/5) 0.484 0.398 0.018
A8 (75/20/5) 0.542 0.396 0.032

300 m/min, DR � 3.5
A9 (PP) 0.789 0.789 —
A10 (90/10) 0.746 0.617 0.0311
A11 (85/10/5) 0.855 0.676 0.0278
A12 (75/20/5) 0.982 0.667 0.0994

800 m/min, DR � 2.0
A13 (PP) 0.799 0.800 —
A14 (90/10) 0.762 0.647 �0.0049
A15 (85/10/5) 0.833 0.652 0.0172
A16 (75/20/5) 0.979 0.591 �0.0250
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Figure 8 LSCM micrograph of (90/10) PP/N6 alloy filament at take-up speed of 800 m/min.

Figure 9 LSCM micrograph of (85/10/5) PP/N6/PP-g-MAH alloy filament at take-up speed 300 m/min.
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Figure 10 LSCM micrograph of (85/10/5) PP/N6/PP-g-MAH alloy filament at take-up speed 800 m/min.

Figure 11 LSCM micrograph of (75/20/5) PP/N6/PP-g-MAH alloy filament at take-up speed of 300 m/min and draw ratio
of 3.5.
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show matrix–fibrillar morphology with the fibrils ori-
ented along the axis. With an increase in take-up
speed and drawing, the length of fibrils seemed to
increase. Variation in length of fibrils is high. The
LSCM micrographs show that, in alloy filaments with-
out the PP-g-MAH compatibilizer, the tendency of the
fibrils to form is weak.

Wettability

Table IV shows that, with an increase in the fraction of
N6, the contact angle decreased and the wettability
index increased. This is expected because N6 is a more
hydrophilic material than PP. Although the changes
are small they are consistent. Relatively smaller
changes than expected may have arisen from the fact
that the disperse (N6) phase tended to largely reside in
the core. This is evident from the morphology seen in
Figures 8–11 wherein the boundaries of fibers lie in
regions outside the fibrils.

CONCLUSIONS

We have investigated the effects of the composition
and the interfacial adhesion, provided by a compati-
bilizer, on a number of mechanical and structural
properties of PP/N6 alloy filaments made by melt
spinning. Such information is valuable since poly-
mers are being increasingly blended to produce
shaped products with the goal of obtaining proper-
ties not available in neat materials. The properties
considered were the tenacity, elongation at break,
and the tensile and sonic moduli, among the me-
chanical, and the degree of crystallinity and the
crystalline and amorphous orientations, among the
structural. With an increase in interfacial adhesion
with compatibilizer between the PP and N6 phases,
tenacity, modulus, and elongation at break in-
creased. Alloy filaments showed a relatively brittle
behavior in that they had lower tensile values than
did the neat PP. It is suggested that the change of
the stress–strain curve from ductile for PP to brittle
for alloy filaments was due to the presence of voids
in the latter. The microvoids are present at the in-
terface of PP and N6, perhaps in this polymer before
it is stretched. During tensile testing, however, due
to low adhesion between the two polymers, proba-

bly PP and N6 debonded and most of the force was
then borne by the PP matrix. The modified Nielsen
model, applicable to systems incorporating voids,
showed excellent correlations with the experimental
values of tenacity. Paul’s model also gave good fit
with the experimental values of modulus of the
alloy filaments. However, these models did not ac-
count for the effect of the compatibilizer on the
mechanical properties of the alloy fibers and, thus,
further modeling work was necessary for such sys-
tems. Classical methods were used for estimating
the values of the amorphous orientation factors for
PP and N6. The assumption used was that the con-
tributions of PP and N6 on birefringence of alloy
depended on the weight fractions of the two com-
ponents. With an increase in the fraction of N6 in the
filaments, the crystalline orientation (fc) decreased
for PP but increased for N6. Both of these orienta-
tions increased with spinning speed and draw ratio,
as expected. Likewise (110) crystal size of PP phase
increased with the increase in N6 fraction, spinning
speed, and draw ratio. The effect of the presence of
N6 on the amorphous orientation of PP (fam,PP) was
different than noted above for fc,PP. The values for
fam,PP generally varied with the increase in fraction
of N6 but were lower than those for the correspond-
ing PP filaments. The value of fam,N6 of N6 was itself
very small. Accordingly the amorphous orientation
of alloy, i.e., f�am was mostly made up of the orien-
tation of the PP molecules. Clearly, thus, except for
a negative change noted in the crystalline orienta-
tion of PP phase (Table II), all other changes in
molecular structure resulting from incorporation of
N6 molecules were positive. These included
changes in the overall birefringence, �n, the amor-
phous orientation, f�am, the % crystallinity, and the
size of PP crystals. All structural factors were en-
hanced with increases in spinning speed and draw
ratio.

LSCM micrographs of alloy filaments showed that
N6 was largely in the core and was in the form of
fibrils. Fibril formation was enhanced by the presence
of compatibilizer.

We thank Dr. H. Davis for useful suggestions. Richard Kotek
thanks Mr. John Wefer of Uniroyal Chemical Co. for pro-
viding a gift of PB 3150.

TABLE IV
Contact Angle and Wettability Index of PP and Alloy Filaments Produced with Take-up Speed of 800 m/min

Sample code PP/N6/PP-g-MAH Fa (dyne) Fr (dyne) �a (°) �r (°) WIa WIr

A5 (PP) �2.228 �1.9804 93.61 92.23 �4.58 �2.83
A6 (90/10) �2.1599 �1.928 93.23 91.94 �4.1 �2.46
A7 (85/10/5) �2.1293 �1.8925 93.06 91.74 �3.88 �2.21
A9 (75/20/5) �2.0917 �1.8243 92.85 91.36 �3.27 �1.73
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