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ABSTRACT: Nylon 6 fibers are extensively used by the
textile industry because of their excellent properties for
yarn manufacturing. In this work, we show that it is possi-
ble to prepare yarns of reduced cost with blends of nylon
6 and polyethylene (PE), a lower priced polymer. Blends
of nylon 6 and PE (nylon 6/PE) were tested in different
compositions. Field emission scanning electron microscopy
analyses and tensile tests showed better compatibilization
in blends whose components had similar melt flow indi-
ces. Without adding compatibilizing agents, we incorpo-
rated up to 5 wt % PE into the nylon 6 matrix and success-

fully prepared yarns of nylon 6/PE blends on an industrial
scale. Characterizing the yarns prepared from the blends
by conventional techniques employed by the textile indus-
try, we observed values very close to those presented by
pure nylon 6 yarns, which indicated that the addition of
small amounts of PE to the nylon 6 matrix could reduce
the cost of the final yarns without changing significantly
the properties of nylon 6. © 2006 Wiley Periodicals, Inc. J
Appl Polym Sci 102: 2142-2148, 2006
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INTRODUCTION

Nylon 6 is the most important polymer in the nylon
class with respect to fiber manufacturing. This can
be explained by its relatively low price because the
reagent e-caprolactam, necessary for its polymeriza-
tion, can be obtained from relatively inexpensive
substrates such as cyclohexane, benzene, and phe-
nol.! On the other hand, in comparison with other
polymer fibers, nylon 6 fibers are still expensive.
This high cost can be reduced by the preparation of
blends with lower cost polymers, such as polyole-
fins. Blend preparation is widely considered an eco-
nomically viable and flexible technique for improv-
ing properties or cost-benefit relationships in com-
mon polymers without the necessity of synthesizing
new polymers. However, when blended together,
most polymers present an unstable two-phase mor-
phology: the major component forms the matrix, and
the minor component appears as a dispersed phase
generally in the form of spheres or fibrils. In some
systems, a bicontinuous network is obtained.*?

The morphology of an immiscible blend depends
on many factors, such as the blending history, blend
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ratio, interfacial tension, and differences in the vis-
cosity and elasticity of the two components, and on
the processing conditions, such as the temperature,
residence time, shear rate, and shear stress.*” Blends
of polyamides and polyolefins are of particular inter-
est because they can lead to materials with improved
chemical and moisture resistance, dimensional stabil-
ity, thermomechanical properties, impact and flexion
resistance, and oxygen permeation. Besides this, the
resulting materials can be processed easily and at
reduced costs.>’

Polypropylene (PP) is the main polyolefin used in
yarn manufacturing. Besides its significantly lower
cost, PP fibers present some very interesting proper-
ties, such as facility in processing, resistance to hu-
midity and light, low retention of smog, smells, or
fat, and low chemical reactivity."

Through the preparation of blends with polyolefins,
these properties can be incorporated into the nylon 6
matrix, improving its characteristics. Several publica-
tions have been published on fibers made from
blends,''™"” especially fibers from nylon 6 and PP."*"”
Takahashi and coworkers'*'® studied the physical
properties of PP/nylon 6 fibers. Grof et al.'” investi-
gated the structure—property relationship of modified
PP-polycaprolactane fibers containing modified poly
(ethylene terephthalate) and PP for producing micro-
fibers by the extraction of the continuous phase in a
solvent. Microfibers obtained after the extraction of
the continuous phase from an immiscible blend have
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proven to be useful in making artificial leather for tex-
tile devices.

Generally, to achieve good final results for a nylon
6/polyolefin blend, some form of compatibilization is
required. One successful approach has been the addi-
tion of polyolefins grafted with maleic anhydride
as a third component.”®*'® The maleic anhydride
units react with the amine end groups of the polyam-
ide to form block or graft cogolymers, which act as
compatibilizers for the blend.”'® Despite the numer-
ous publications published about yarns from nylon
6/PP blends, the scientific literature lacks informa-
tion concerning nylon 6/polyethylene (PE) blends.

In this work, no compatibilizing agent was em-
ployed. To minimize the problems caused by the
immiscibility between nylon 6 and the polyolefin,
blends were prepared with small amounts of the dis-
persed phase. As the final properties of the textile did
not depend only on the yarn manufacturing process,
there was a possibility of getting around the possible
incompatibility. Nylon 6/PE blends were prepared
with different compositions and analyzed with field
emission scanning electron microscopy (FESEM) and
tensile tests. Nylon 6/PE yarns produced from the
best system were then characterized with FESEM, de-
nier value determination, and tensile tests.

EXPERIMENTAL
Blend preparation

The raw materials were fiber-grade nylon 6, supplied
by Invista (Americana, Brazil), and two PEs of differ-
ent melt flow indices (MFIs), PE-A (MFI = 0.2 = 0.1
g/10 min, density = 0.918 g/cm’) and PE-B (MFI
= 18.8 = 0.6 g/10 min, density = 0.923 g/cm?), both
supplied by Braskem (Camagari, Brazil). Pellets of the
blend components were mixed in the desired weight
ratios for obtaining final proportions of nylon 6/PE in
the blends of 99/1, 97/3, 95/5, 93/7, 90/10, and 85/
15. The polymers were extensively dried in vacuo for
24 h at 100°C before and after extrusion and were kept
inside a desiccator until characterization. The polymer
blends were prepared via melt mixing in a single-
screw extruder [WE X30, Wortex (Campinas, Brazil);
screw diameter = 30 mm, length/diameter = 30] at a
screw rotation speed of 100 rpm with temperatures
ranging from 235 to 255°C in each region of the ex-
truder barrel. After extrusion, the blends were cut into
pellets with a Wortex granulator.

Blend characterization

The blends were characterized with FESEM and tensile
tests. For FESEM, transversal sections of the samples
were obtained by cryogenic fracture in liquid nitrogen
and coated with a thin layer of carbon and gold. The
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equipment used to obtain the micrographs was a JEOL
JSM-6340F field emission scanning electron micro-
scope (Tokyo, Japan). Image Pro-Plus 3.0 (Media Cy-
bernetics Inc., Silver Spring, MD) was used to analyze
domain sizes in the images, and Origin 6.0 (OriginLab
Corporation, Northampton, MA) was used for statisti-
cal data treatment. Tensile testing specimens (ASTM
D 638, type I)'* were obtained in an Arburg All
Rounder 221 K injection machine (Lossburg, Germany)
under the following conditions: the injection speed
and pressure were 8 cm®/s and 900 bar, respectively,
and the mold temperature was 35°C. Tensile testing
was carried out in an EMIC DL 2000 machine tester
(S0 José dos Pinhais, Brazil) at 23 = 2°C and 50 * 5%
relative humidity, with a crosshead speed of 30 mm/
min. The mechanical properties (the tensile strength
and Young’s modulus, which was measured as the tan-
gent modulus at zero strain) were determined from the
force-displacement curves. Twelve specimens were
tested to obtain each reported value.

Yarn processing

Yarns of blended polymers were processed on an
industrial scale by the textile industry. Before pro-
cessing, 4000 kg of fiber-grade, bright nylon 6 in chip
form was dried for 12 h at room temperature. Melt
spinning was performed in a single-screw extruder
with spinnerets containing 18 orifices each. The ex-
truder was set with five different temperature zones
ranging from 260 to 290°C along the extruder barrel.
Yarns were manufactured in a trilobal shape. Multifi-
lament nylon 6 yarns of 55 denier/12 filaments were
prepared with PE concentrations of 1, 2, 3, 4, and
5%. The samples were stored between the two
stretching steps for 12 h under controlled humidity
and temperature. Other parameters were the screw
speed (50 rpm), cooling air temperature (35°C), cool-
ing air rate (0.58 m/s), and bobbinning temperature
(20°C).

Yarn characterization

Yarns were characterized with FESEM, denier determi-
nation, and tensile tests. For FESEM, transversal sec-
tions of the yarns were obtained by inclusion in a resin,
microtoming, and coated with carbon and gold. Denier
analysis (the determination of the fiber mass by the
unit of length) was undertaken with an American Sod
Producers Association Marte apparatus (Santa Rita do
Sapucai, Brazil). Diameter regularity analysis (the
determination of the ratio of the medium thickness of
the fiber to the unit of length) was carried out with a
KET 80 II/C regularimeter (Keisokki Kogyo Co. Ltd.,
Hyogo, Japan). The dynamometric characteristics of
the fibers (tenacity and elongation) were determined
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Figure 1 Scanning electron micrographs of (a) 97/3, (b) 95/5, (c) 93/7, and (d) 85/15 nylon 6/PE-A blends and (e) 97/3,
(f) 95/5, (g) 85/15, and (h) 85/15 nylon 6/PE-B blends.
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TABLE I
PE Domain Diameters in Nylon 6/PE-A Blends

Medium Standard Number of

PE-A blends diameter (um) diameter (um) diameter (um) deviation measured domains

Nylon/ Minimum Maximum
99/1 0.2 2.7
97/3 0.2 4.5
95/5 0.2 4.8
93/7 0.2 5.7
90/10 0.2 12.3
85/15 0.3 11.8

1.1 0.5 254
1.3 0.6 500
1.3 0.6 707
1.1 0.8 898
1.4 1.1 699
2.8 2.1 434

by tensile tests in a Statimat dynamometer (Textechno,
Monchengladback, Germany).

RESULTS AND DISCUSSION

FESEM micrographs have been used to analyze the
morphology of the blends and the sizes and distribu-
tions of the domains because the morphological
characteristics have fundamental importance with
respect to the final properties. Figure 1(a—d) shows
micrographs of the cryogenic fractures of nylon 6/
PE-A blends prepared from PE of low MFI at differ-
ent concentrations. It is possible to observe the pres-
ence of small PE domains, which characterize the
blend as a phase-segregated system. When the PE
content increases, larger domains appear together
with small domains whose presence can be observed
in all the samples. The effect of increasing domain
size as the PE concentration increases was previ-
ously observed by Afshari et al.”> and Willis et at.,*
who also studied blends of nylon 6 and PE. It is also
possible to verify the presence of spaces between the
dispersed domains and the matrix caused by lower
interfacial adhesion. In fact, some domains even
detach from the matrix during the fracturing pro-
cess, leading to spherical voids. This effect can be
especially noted around bigger domains. Thus, to
minimize this effect, it is necessary to obtain systems
with small PE domains, which can be obtained only
with lower PE concentrations. To improve phase
compatibility in the blend, a compatibilizing agent
can be used. The compatibilizer acts by reducing the
interfacial tension and the coalescence of the phases,
improving both the morphological and mechanical

properties, as shown by many studies published in
the literature.*®'® However, the aim of this work is
to obtain a low-price material with optimized prop-
erties, without the addition of other components to
the system. The addition of such components would
require modifications in the industrial-scale process-
ing of the yarns, which would be very expensive.
The addition of small amounts of neat PE can be
done without changes in any processing parameters.

In Figure 1(e-h), nylon 6/PE-B blends, prepared
from PE with a higher MFI, are shown. Domain sizes
seem to be smaller in nylon 6/PE-B blends than in
nylon 6/PE-A blends of the same compositions. To
verify this observation, domain size distributions have
been obtained through the measurement of all the
domains present in a series of micrographs acquired
for each blend concentration. Information about the
PE domain diameter for nylon 6/PE-A and nylon 6/
PE-B blends is shown in Tables I and II, respectively,
and in the histograms shown in Figure 2.

Observing the data presented in Tables I and II,
we can note that a high number of domains has
been measured for each blend concentration to guar-
antee the statistical reliability of the results. The
presence of small domains is verified for all the con-
centrations in both blend types, and the minimum
diameter does not change significantly when the PE
content increases. On the other hand, the maximum
diameter increases with higher PE concentrations,
indicating the formation of larger domains due to
the coalescence of smaller ones and the coexistence
of different domain diameters. Comparing the maxi-
mum diameter values in blends prepared from PE-A
and from PE-B, we can observe larger values in ny-

TABLE II
PE Domain Diameters in Nylon 6/PE-B Blends
Nylon/ Minimum Maximum Medium Standard Number of
PE-B blends diameter (um) diameter (um) diameter (um) deviation measured domains
99/1 0.1 2.3 0.8 0.3 415
97/3 0.1 2.5 0.8 0.3 499
95/5 0.1 2.6 1.0 0.4 528
93/7 0.2 37 14 0.6 324
90/10 0.3 4.6 14 0.7 461
85/15 0.4 5.2 1.8 0.9 432
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Figure 2 Size distributions of PE domains in (a) nylon 6/PE-A and (b) nylon 6/PE-B blends.

lon/PE-A blends. This can also be visualized in the
histograms in Figure 2 and confirm what has been
already noted in the micrographs: blends prepared
with PE with MFI values closer to that of the matrix
show smaller domain sizes (MFI for nylon 6 = 23.5
+ 0.4 g/10 min).

This result indicates the importance of the compo-
nent viscosity in the blend morphology and is in
agreement with results obtained by other authors for
similar systems.*” Kudva et al.* investigated the
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effects of the concentration, melt viscosity, and func-
tionality of maleated PEs on the properties of their
blends with nylon 6. These authors showed that the
size and distribution of the domains in their blends
changed with the composition and viscosity of the
components and the presence of compatibilizing
agents, influencing the final morphology and the me-
chanical properties. Therefore, to reduce the viscos-
ity difference between the phases and to obtain bet-
ter results, the yarn should be prepared with PE-B,
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Figure 3 Young’s modulus and tensile strength for nylon 6/PE blends as a function of the PE content: (a,b) nylon 6/PE-
A and (c,d) nylon 6/PE-B. The angular and linear correlation coefficients of the fitted lines are (a) —26.84 and —0.98,
(b) —1.61 and —0.99, (c) —24.70 and —0.97, and (d) —1.76 and —0.98, respectively.
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whose MFI value does not differ too much from the
MFI matrix value. Moreover, a low concentration of
PE should be used to minimize domain sizes. On the
basis of the micrographs and the tables of the do-
main sizes, it seems that the maximum useful con-
centration of PE for preparing the yarns is 5%
because the domain sizes increase significantly at
higher concentrations.

Figure 3(a,b) shows graphs of the Young’s modu-
lus and tensile strength for nylon 6/PE-A blends
versus the PE-A content, and Figure 3(c,d) show the
same graphs for nylon 6/PE-B blends.

Before testing, specimens were maintained under
controlled temperatures and closed inside a desicca-
tor, as recommended by the ASTM 638 standard.
This is fundamental for the final results because all
polyamides absorb moisture to various degrees,
depending on the polymeric structure, the environ-
ment, and the temperature. Moisture mainly affects
the amorphous phase of the polyamide and acts as a
plasticizer: increasing moisture content will reduce
the tensile strength, modulus, and stiffness.”!

Observing the curves, we can verify that both the
Young’'s modulus and tensile strength for the blends
are always smaller than the values obtained for the
pure nylon 6 (1479 * 14 MPa and 80.9 = 0.9 MPa,
respectively) and decrease linearly when the PE pro-
portion increases. The decrease in both properties
occurs in a similar way for both blends, notwith-
standing the PE used. The addition of 5% PE-A
leads to a decrease of 15% in Young’s modulus and
18% in the tensile strength, and the addition of 5%
PE-B to the nylon 6 matrix reduces both mechanical
properties by 15%. The results show that it is possi-
ble to control the mechanical properties of nylon 6/
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PE blends through changes in the PE amount added
to the matrix.

Considering the results obtained, we prepared
yarns from nylon 6/PE-B blends with concentrations
ranging from 1 to 5% PE-B. The spinning process
was carried out under the same conditions used for
the nylon 6 fibers, and the yarns were successfully
produced. The fibers produced from nylon 6/PE-B
blends were robust and presented an appearance
that was very similar to that of pure nylon 6 fibers.

Figure 4 shows micrographs of surfaces and cross
sections of nylon 6/PE-B yarns with 3% PE. Figure 4(a)
shows the transversal section of a nylon 6/PE yarn,
pointing out the trilobal form. Figure 4(b,c) also shows
transversal sections of the same blend, and it is possi-
ble to verify the presence of small PE domains dis-
persed in the yarn structure. Figure 4(d) shows a set of
aligned nylon 6/PE yarns. These yarns have a very
smooth surface, which can also be noted in the ampli-
fied image presented in Figure 4(e). The surface of the
nylon 6/PE yarns is very similar to the surface of pure
nylon 6 yarns [Fig. 4(f)]. The presence of dispersed PE
domains in the matrix can be clearly observed in the
images taken from the yarn cross section but do not
appear on the surface. Measuring the diameters of the
domains dispersed in the yarn structure, we obtained a
mean diameter of 0.23 = 0.07 um for the PE domains.
The minimum diameter is 0.02 um and the maximum
diameter is 0.42 um for a total of 398 domains meas-
ured. From this analysis, it is possible to verify that the
PE domains in the yarns are 4 to 5 times smaller than
the domains in the blends. As the same materials were
used for preparing both the blends and the yarns made
from the blends, this difference in domain size can be
attributed to differences in the processing of the blends

Figure 4 Field emission scanning electron micrographs: (a—c) transversal cross sections of a 97/3 nylon 6/PE-B blend,
(d,e) surface of a 97/3 nylon 6/PE-B blend yarn, and (f) surface of pure nylon 6 yarn.
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TABLE III
Denier, Tenacity, and Elongation for Nylon
6/PE-B Blend Yarns

PE-B Denier Tenacity Elongation
(%) (dtex) (cN/dtex) (%)
0 55.3 * 0.5 4.09 = 0.10 329 19
1 55.0 £ 0.7 4.22 =027 332*75
2 54.0 = 0.6 435+ 0.21 314 * 3.6
3 528 £ 0.3 4.39 = 0.51 317 £32
5 541 = 0.5 435 + 0.22 323 £35

and yarns. In the melt-spinning process, the melt mate-
rial is submitted to a different shear stress, and the
spinnerets direct them to a more elongated form. Per-
haps the differences in the dispersed domain size rep-
resents a modification not only of the size of the phase
but also of its format. Because they become more elon-
gated, the domain diameters are smaller even if the
overall volume of the domains does not change.

Table III shows the denier, tenacity, and elongation
at break values for the yarns prepared from nylon
6/PE blends. The denier value is the mass of 10,000-
m-long yarn, and the tenacity is the relation between
the tensile strength at break and the dernier value.
The elongation is the increase in the fiber length pro-
duced by a tensile load and can be expressed in units
of length or as the percentage of elongation with
respect to the initial length. The denier value depends
on the polymer density, but as the PE content is small,
these values do not change significantly. The tenacity
values after the addition of PE are better than the te-
nacity of nylon 6 yarns, and the elongation values are
very close to the matrix elongation values. For all the
properties that were measured (denier, tenacity, and
elongation values), small changes in the values
obtained for the yarns made from blends, compared
with those of nylon 6, were observed. This means that
the addition of small amounts of PE does not modify
nylon 6 properties significantly.

CONCLUSIONS

By characterizing nylon 6/PE blends, we can point
out that these blends form a biphasic system with
dispersed PE domains. Domains of small diameter
appeared in all the samples, whereas domains with
larger diameters appeared only in the samples with
high PE contents. Because of the small difference in
the MFIs of PE-B and nylon 6, this blend presents
smaller diameter domains than blends prepared

with PE-A. Considering the mechanical properties of
the blends, we can also verify that the Young’s mod-
ulus and tensile strength are always smaller than
those of nylon 6 and decrease linearly when the PE
proportion increases, indicating that these properties
can be controlled by changes in the PE proportion.
Yarns of nylon 6/PE with low contents of PE with
an MFI value close to that of nylon 6 can be pre-
pared without processing problems and present
good properties with respect to the denier value,
elongation, and tenacity. Domains measured in the
yarns are much smaller than domains in the blends,
and this can be explained by differences in the melt-
ing process. Because of the low price of PE in com-
parison with nylon 6, textile products prepared with
these yarns will be cheaper and could be used in
many applications.

The authors acknowledge Invista Nylon SA (Americana-
SP) for the yarn processing.
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