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ABSTRACT: This study focuses on the possibility of
improving performance properties of polyamide-6 (PA6)
nanocomposite films for packaging application using nano-
clay masterbatch. Different concentrations of nanoclay in PA6
were prepared through melt-mixing of particulate nanoclay
and nanoclay masterbatches in a twin screw compounder,
then film samples were molded using a hot press. Oxygen
barrier properties were then measured and interpreted on the
basis of different theoretical approaches. Also, a correlation
between morphology and properties of the studied nanocom-
posites was observed, and all prepared nanocomposites
exhibited performance improvement with increasing the

nanoclay content. The masterbatch-based nanocomposite
films showed more exfoliated regions that leading to the
enhancement of the mechanical properties. Gas permeability
through nanocomposite films decreased significantly just by
loading a small amount of nanoclay. However, surprising
behavior in oxygen permeability observed at higher levels of
nanoclay in masterbatch-based nanocomposite was attributed
to the decreased crystallinity of PA6 matrix. VC 2011 Wiley
Periodicals, Inc. J Appl Polym Sci 125: E2–E8, 2012
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INTRODUCTION

Over the last decades, a great deal of researches
have been devoted to the different aspects of poly-
mer-layered silicate nanocomposites that have
shown promising improvements in mechanical prop-
erties, permeability, thermal stability, and flame
retardency, especially, at low nanofiller volume frac-
tion.1–3 These enhancements are achieved without
impairing the optical clarity and density of the poly-
mer matrix, and depend on such factors as aspect ra-
tio of the filler, degree of dispersion, and the
strength of the interparticle interactions.4,5

One of the most interesting applications of poly-
mer-layered silicate nanocomposites is the field of
packaging. In this application, the reduction of oxy-
gen permeability is of crucial importance to the pre-
vention from food spoilage. Although the enhance-
ment in gas barrier properties is well-known in
polymer-silicate nanocomposites, it depends on vari-
ous factors such as the relative orientation of the
nanoclay layers in the matrix and the state of aggre-
gation and dispersion, that is, intercalation or
exfoliation.

Substantial industrial and scientific researches
have been focused on polyamide-based nanocompo-
sites prepared via melt compounding due to the
polarity, low price, availability, and wide use of
polyamides in packaging applications. Hydrophilic
nature of polyamides is favorable for a good com-
patibility with silicates.5–7 In addition, melt process-
ing technique is particularly interesting owing to its
good affinity with the existent processes used in
commercial applications.
Various studies have been reported on the relation-

ship between the microscopic structure of nanocompo-
sites and their gas transport properties. Incorporating
layered silicate into the polymeric matrix improves its
gas barrier properties, mainly by reducing the volume
available for gas transport as well as providing a more
tortuous path for penetrant molecules. Nanoclay plate-
lets with a higher aspect ratio expectedly must lead to
a more tortuous path for diffusion path. A simple rela-
tionship between filler volume fraction and relative
permeability of polymer composites derived by Niel-
son and improved by following works.8–10 According
to these models, relative permeability decreases
monotonically with the increase of filler content, and
that can be correlated to the filler volume fraction, As-
pect ratio, orientation of nanoclay platelets in the poly-
meric matrix and the state of aggregation and disper-
sion.8–10 Also, some physicochemical factors, such as
glass transition temperature, mean free volume of
polymer, and the solubility of the penetrant gas in
polymer, influence the permeability of polymeric
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matrix.11 Incorporation of nanoclay would change
some polymeric matrix behavior, for example, chain
rigidity or intersegmental distance, that would cause
deviation of the gas permeability of the nanocompo-
sites from proposed models.

However, gas barrier properties of polyamide
nanocomposite films prepared by melt compound-
ing have not been completely investigated. Several
numbers of formulation and processing factors affect
the achievement of exfoliated silicate structure, as
the main controlling parameter of final properties of
nanocomposite.12–14 In this study, oxygen permeabil-
ity and mechanical properties of polyamide-6
(PA6)/layered silicate nanocomposite films were
examined using particulate nanoclay and nanoclay
masterbatch and correlated to the nanostructure of
produced films through different techniques. Fur-
thermore, the permeability data have also been com-
pared with the theoretical models to predict barrier
enhancement.

EXPERIMENTS

Materials

Modified sodium montmorillionite clay nanofill
SE3010, and two masterbatches Ma3010 and
Mb3010, were supplied by Sud-Chemie AG. Ma3010
contained 50 wt % PA6, and Mb3010 contained 50
wt % amorphous polyamide, whereas both con-
tained 50 wt % Nanofill SE3010. Nanofill SE3010 is
an alkyl ammonium treated powder with an average
particle size of 8 lm. Extrusion grade of PA6 was
provided from DSM engineering plastics (Akulon
F130-B) with melt flow index ¼ 0.7 g/10 min which
is suitable for film packaging application.

Sample preparation

Melt blended PA6 and nanoclay were prepared
using a ZSK25 twin screw extruder (L/D ¼ 40)
equipped with vacuum venting. The barrel tempera-
ture profile of 230, 235, 240, 250, and 260�C from
feeding to die zone, and screw speed of 400 rpm
were adjusted. The extrudates were granulized
when they got out of the pelletizer. Nanocomposite
granules with nominal nanoclay content of 3, 5, and
7 wt % nanoclay were prepared according to the
method mentioned earlier. Each of the masterbatches
was diluted with PA6 using the same processing
conditions to produce nanocomposites with the
stated nanoclay concentration.

Thin films of the nanocomposites were prepared
by compression molding at 240�C and pressure of 30
bars. The film samples were then cooled down and
used for tensile and gas permeation measurements.
True percent of nanoclay in all samples was deter-

mined by measuring the ash content of nanoclay
and film samples in a hot furnace at 600�C. Nano-
clay showed almost 35 wt % weight loss that should
be related to the surface modifier used in nanoclay
treatment. The formulation of samples is presented
in Table I. Pure PA6 film, as the control sample, was
also prepared under similar conditions.

Characterization methods

Tensile tests were performed in accordance with
ASTM D882 at room temperature and relative hu-
midity (RH) of 45% using an Instron instrument
equipped with a 1 kN load cell at a crosshead speed
of 50 mm/min. The thickness of samples was about
150 lm. For each nanocomposite sample, the average
of at least five measurements was reported.
Oxygen transport within the films was determined

with GPC-D Munchen permeability device at 25�C
and RH values of 50% according to ASTM D1434
standard method. The equipment consists of two
chambers between which the film is placed. The
machine, records the increasing of oxygen pressure,
P, as a function of the time, t. From pressure-time
curve, the software calculates permeation that can be
converted to permeability knowing the film thick-
ness. The diffusion coefficient, D, can then be calcu-
lated by the following equation:15

D ¼ L2=6s (1)

where L is the thickness of the film and s is the time
lag, obtained from pressure-time plot provided by
the software.
X-ray diffractometer (XRD) patterns for the pre-

pared samples were recorded on a Phillips X’Pert
diffractometer at a scan rate of 1.0�/min within the
scattering angle range 2y from 1 to 30� using stand-
ard nickel filter. X-ray radiation characterized by a
wavelength of 1.54 Å. The diffractometer operated at
a voltage of 40 kV and a current of 40 mA.

TABLE I
The Composition of Nanocomposite Samples

and Pure PA6 Control

System
Nanoclay
types

Nominal
mineral (wt %)

Measured
mineral (wt %)

PA – 0 0
PA/SE3 SE3010 3 3.12
PA/SE5 SE3010 5 5.05
PA/SE7 SE3010 7 7.11
PA/Ma3 Ma3010 3 2.94
PA/Ma5 Ma3010 5 4.92
PA/Ma7 Ma3010 7 6.84
PA/Mb3 Mb3010 3 2.89
PA/Mb5 Mb3010 5 4.87
PA/Mb7 Mb3010 7 6.77
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The layer morphology of nanocomposites was
examined by transmission electron microscope
(TEM) using FEG PHILIPS model.

A differential scanning calorimeter, DSC1 MEET-
TLER TOLEDO, was used to measure thermal tran-
sitions and crystallinity at a heating rate of 20�C/
min, under nitrogen gas. Crystallinity of the samples
was calculated from DHm/207.1 ratio, where DHm

and 207.1 are enthalpy of melting for partial and
100% crystallinity both in j/g, respectively.

RESULTS AND DISCUSSION

The mechanical performance of the PA6 nanocompo-
sites was studied by tensile measurements at room
temperature. Figure 1 shows the tangent tensile
modulus (elastic modulus) of the prepared nano-
composites as a function of organoclay content. As
shown, tensile modulus of nanocomposite with 5 wt
% loading of organoclay (PA/SE5) was increased
about 40% compared to neat PA6, which is in good
agreement with other research works.16–18 Beyond
this concentration, there was a slight increase in ten-
sile modulus of PA/SE7, whereas modulus of PA/
Ma7 increased considerably (around 60%) relative to
neat PA6. Masterbatch-based nanocomposites
showed more linear behavior and higher tensile
modulus, which suggested the better silicate disper-
sion in these samples compared to PA/SE
nanocomposites.

Figure 2 represents the tensile strength of nano-
composite films as a function of nanoclay concentra-
tion. The addition of the organoclay leads to a sub-
stantial improvement in the tensile strength of
different nanocomposites. Compared to pure PA6,
samples of PA/Ma5 and PA/Mb5 exhibited 25 and
20% increase in tensile strengths, respectively.
Improvement in tensile strengths of nanocomposite

films might be attributed to the good compatibility
between treated nanoclay and polyamide.
XRD and TEM are complementary techniques in

examining the structure and morphology of polymer
nanocomposites. Figure 3 illustrates the XRD scans
of nanocomposite films. The d-spacing, which is
defined as a bulk sum of layer thickness and inter-
layer distance, can be calculated by Bragg’s law. The
XRD spectra for nanoclays SE3010 and Ma3010
exhibited strong reflections at low 2y � 2.5, 4.6, and
7.2� corresponding to d-spacings of 35, 19, and 12 Å,
respectively. A shift to lower angles of characteristic
diffraction peak suggested an increase in interlayer
spacing of galleries of clay, which is referred to as
intercalation. Disappearance of the diffraction peak
indicated possible exfoliation of the clay platelets.
XRD results of specimen PA/SE3 showed flat dif-
fraction profile and the absence of any basal reflec-
tions indicating that the ordered layers of nanoclays
in the nanocomposites have been disrupted. It meant
that this sample should have a good degree of exfo-
liation. Other specimens showed weak reflection in
smaller angle (larger d-spacing) about 2.5� (d-spacing
¼ 35 Å). Also, PA/SE7 showed a peak at 4.9� corre-
sponding to d-spacing of 18 Å. These reflections
could indicate the existence of partially intercalated
morphology in these samples.
Figure 3 shows the other diffraction peaks at 2y

angle of 19–24�, which would be a d-spacing of
about 4.7–3.7 Å, and are attributed to the crystalline
structure of polyamide matrix. Polyamides can dis-
play two major crystal forms: the a-phase that is,
thermodynamically the more stable, and the c-phase,
obtains at nonisothermal crystallization conditions,
especially, for rapid cooling such as at the surface of
molded samples. The a and c-crystalline forms were
identified by peak intensities occurring at � 23.7� for
the a-form, and 21.3� for the c-form. It is well-
known that the addition of nanoclay can change the
degree of crystallinity by acting as a nucleant, as
well as causing different crystal structures.19–22

Figure 1 Comparison of tensile modulus of nanocompo-
site films prepared from nanoclay SE3010, Ma3010, and
Mb3010, at different nanoclay loading.

Figure 2 Tensile strength of nanocomposite films contain-
ing different nanoclay loading.
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Although XRD scans suggested only a low degree
of intercalation, the morphology observed with TEM
(Figs. 4 and 5) indicated the presence of both interca-
lated and exfoliated structures. Therefore, XRD
results must be verified with TEM micrographs. The
general impression obtained from TEM was that the
use of masterbatch builds up a higher degree of
exfoliation that confirms the better mechanical prop-
erties of masterbatch-based nanocomposites. The
maximum aspect ratio of the layers as deduced from
the TEM micrographs was about 210 in all samples.

Figure 5(a) illustrates TEM micrograph of PA/
SE5, from which it is obvious that different degrees
of intercalation are presented in the vicinity of exfo-
liated layers. It can also be seen that the single layers
and some intercalated stacks of few layers are bent
and folded. The general idea is that masterbatch-
based nanocomposites render more exfoliated layers
than intercalated tactoids. Although the XRD scan of
the composites of all three forms of filler looked sim-
ilar, we got the impression from TEM micrographs
of PA/Ma5 and PA/Mb5 nanocomposites (contain-
ing 5 wt % of nanoclay Ma3010 and Mb3010) that
these masterbatches gave more exfoliated layers
than particulate nanoclay.

Oxygen permeation of nanocomposite films was
measured by the determination of the amount of ox-
ygen passing through the parallel surfaces of sam-
ples in unit time according to the procedure
described in the Experimental Section. Table II
reports the oxygen permeability (P) and diffusivity
(D) of nanocomposite films at different nanoclay
contents. As it is obvious, permeability and diffusiv-
ity values of films decreased to lower amount in the
same manner, by the increase in nanoclay loading.
Oxygen permeability was reduced by a factor of
four over the pure polyamide by incorporation of 3
wt % nanoclay. As the nanoclay loading was
increased to 7 wt %, only a slight improvement in
permeation resistance was observed. Oxygen trans-
port of masterbatch-based nanocomposites was a lit-
tle higher compared to nanocomposites obtained
from SE3010. Also, some increase in relative perme-
ability was observed in PA/Mb7 compared to PA/
Mb5. This behavior have been reported by several
researchers such as Osman et al. in the PU-nanoclay
composite film, Frounchi and coworkers in the low-
density polyethylene/linier low-density polyethyl-
ene/organoclay nanocomposite films and Suter
and coworkers in the epoxy/nanoclay composite

Figure 3 XRD scans for specimens (a-1) SE3010, (a-2) Ma3010, (b-1) PA/SE3, (b-2) PA/SE5, (c) PA/SE7, and (d) PA/
Ma5.
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systems.23–25 In nonpolar hydrocarbon treated filler
and semipolar matrix system, the change in the
morphology as a result of phase separation at the
interface between filler coating and matrix, leads to
a decrease in the density of the organic material or
higher free volume at the interface and, therefore,
increase in the permeation rate through the compos-
ite film.23 Also, the decrease in aspect ratio of nano-
clay in nanocomposites with higher filler contents
during melt processing can cause the permeability
of nanocomposites to increase.24 Suter and co-
workers stated that the intercalated part of the filler
did not contribute much to the permeability reduc-
tion and that the exfoliated layers were those which
built the permeation barrier. Thus, the lower
degrees of exfoliation, the higher the gas transport
properties.25

The increase in oxygen transmission rate in PA/
Mb7 should be correlated to the existence of amor-
phous polyamide in Mb3010 masterbatch, as it was
the only difference with other composites. It can
only influence the gas solubility in the composite
moderately, which cannot be expected to cause to
the observed reverse trend. Crystalline lamellae of
matrix are impermeable to small molecules and are
then likely to induce tortuosity effects toward the
diffusing penetrant, similar to nanoclay sheets. Dif-
ferential scanning calorimetry (DSC) was used to

characterize the crystalline nature of the polyamide
matrix in these nanocomposites. Although the XRD
scans showed the superiority of the c-crystal form,
DSC results showed the existence of both crystal
types even at thickness of 150 lm of the films. Fig-
ure 6 shows DSC melting endotherms of nanocom-
posite films. First, low temperature endothermic
peaks around 210�C were introduced with the addi-
tion of clay, which was related to c-form crystals.
Second, the main endotherm peak around 220�C
which was recognized as the a-form crystals. Intro-
ducing the clay to PA6 increased c-form crystal frac-
tion significantly, whereas total crystallinity changed
a little. Table III summarizes data collected from
such scans. As shown, the lowest crystallinity was
obtained in the case of PA/Mb7 which showed the
highest permeability. It was assumed that a reduc-
tion in crystalline lamellae can neutralize the addi-
tion of nanoclay in improving the gas permeability
of PA6/nanoclay composites.
Several studies on modeling the barrier properties

of polymer nanocomposites have been performed
based on the tortuous pathway concept, wherein,
the functionalized gas barrier properties are
assumed to be dependent on parameters such as
particle size of layered silicate, relative orientation,
and the state of aggregation and dispersion (interca-
lation, exfoliation, or partially exfoliation). Layered

Figure 4 TEM micrographs of (a and b) PA/SE3, (c) PA/SE5, and (d) PA/SE7.
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morphology of nanoclay is particularly effective at
maximizing the length of penetration in the presence
of filler. At first, Nielsen performed modeling of the
barrier properties of polymer composites containing
oriented and regularly arrayed flakes based on a tor-
tuous pathway concept.8 Cussler and coworkers26

then conducted systematic studies and proposed
new models to take additional factors into account,
including the shape, dimension polydispersity, and
array of the dispersed nanoplatelets. The diffusion

in nanocomposites containing oriented, randomly
arrayed disks parallel to the surface of the nanocom-
posite films was also modeled by Fredrickson and
Bicerano27 and Gusev and Lusti.28 Bharadwaj
improved Nielsen’s model by simply introducing a
new order parameter as the following:10

Figure 5 TEM images of specimens (a) PA/SE5, (b) PA/
Ma5, and (c) PA/Mb5.

TABLE II
Oxygen Permeability and Diffusion Coefficient

Data for all Sample Films

System

Mineral
volume
fraction

Permeability,
P (cm3 mm)/
(m2 day bar)

Diffusivity,
D (cm2/s)

PA 0 1.41 15.8
PA/SE3 1.21 0.38 5.2
PA/SE5 2.04 0.33 4.6
PA/SE7 2.89 0.30 4.3
PA/Ma3 1.21 0.41 5.3
PA/Ma5 2.04 0.33 5.2
PA/Ma7 2.89 0.34 5.2
PA/Mb3 1.21 0.40 5.1
PA/Mb5 2.04 0.39 5.4
PA/Mb7 2.89 0.49 6.3

Figure 6 DSC curve of PA6 and nanocomposite films.

Figure 7 Experimental permeability data of PA/SE
against silicate volume fraction compared with Bharadwaj
and NG models.
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Po

Pf
¼ 1� u

1þ L
2wuð2=3ÞðSþ 0:5Þ (2)

where Po and Pf represent the permeabilities of nano-
composite and pure polymer, respectively. u, L, w,
and S show the volume percentage of the nanoclay,
length, width, and the order parameter that includes
the orientational order and can be defined as:

S ¼ 1

2
< 3 cos2ðhÞ � 1 > (3)

where y represents the angle between the direction
of preferred orientation and the sheet clay normal
unit vectors. Another model called NG model was
developed by Ghasemi et al.29 based on the Cussler-
Lape idea which took the distribution of layers ori-
entation into consideration. The relative permeability
of nanocomposite film was formulated by idealizing
a clay-filled film with a random array flakes and
measuring the effective permeability by the product
of reduced area and the increased path length. The
average distance traveled per flake was determined
by assuming that the solute hits the flake at a ran-
dom point along its length. According to this
assumption, relative permeability was given by:29

Po

Pf
¼ 1� u

1þ au
3

P
j
njðcos hjÞ2P
j
nj cos hj

8>>:
9>>;

� �2 (4)

where nj is the number of flakes with direction angle
yj. This angel represents the angle between the direc-
tion of preferred orientation and the platelet normal
vector. The relative permeabilities of nanocomposite
samples with different volume fractions of fillers
were compared with those predicted by NG as well
as Bharadwaj models. As can be observed in Figure 7,
the NG model fits the experimental data much better
than the Bharadwaj model. This could be attributed
to the fact that in the Bharadwaj model, the orienta-
tion distribution of silicate layers is not considered.29

CONCLUSION

In this work, nanocomposite PA6 films at different
nanoclay loadings were prepared using nanoclay

masterbatch and particulate nanoclay. Masterbatch-
based nanocomposite films showed more improve-
ments in mechanical properties and similar oxygen
permeation. In particular, nanocomposite films
based on Ma3010 exhibited the best performances.
XRD scans and TEM micrographs collectively dem-
onstrated the good dispersion and orientation of sili-
cate platelets inside the matrix, as well as the possi-
ble presence of polymer–clay interactions. TEM
images suggested higher fractions of well-exfoliated
silicate platelets and a more pronounced orientation
of the layers within masterbatch-based nanocompo-
sites. Also, the experimentally measured permeabil-
ity data were interpolated on the basis of different
theoretical approaches and new NG model. Using
the aspect ratio and order parameter from TEM
images, the new NG model fitted the experimental
data better than the Bharadwaj model.
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TABLE III
Crystallinity Percent Measured by DSC Technique

System Crystallization percent

PA 25.2
PA/SE5 27.7
PA/SE7 28.9
PA/Ma5 28.1
PA/Ma7 26.4
PA/Mb5 26.7
PA/Mb7 22.2
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