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ABSTRACT: The relative amounts of amorphous and
crystalline y- and o-phases in polyamide-6 nanocompo-
sites, estimated from the deconvolution of X-ray diffrac-
tion peaks using Gaussian functions, correlates with their
mechanical, thermomechanical, and barrier properties. The
incorporation of organoclay platelets (Cloisite 15A and
30B) induced the crystallization of the polymer in the y
form at expense of the amorphous phase, such that 1-2 wt
% of Cloisite is enough to enhance the mechanical and the

thermomechanical properties. However, higher nanofiller
loads were necessary to achieve good barrier effects,
because this property is mainly dependent on the tortuous
path permeation mechanism of the gas molecules through
the nanocomposite films. © 2012 Wiley Periodicals, Inc. ] Appl
Polym Sci 125: 3239-3249, 2012
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INTRODUCTION

Nanocomposites can be prepared by homogeneous
dispersion of zero, one, and two-dimensional nano-
materials, such as nanospheres, nanotubes, and
nanoplatelets, in organic polymeric matrices. They
are interesting materials since can exhibit notable
improvements in physicochemical and/or mechani-
cal properties'™” as compared to the pristine polymer
or conventional composites.

The first developments of such organic-inorganic
hybrid materials were carried out by Toyota that
started the production of automotive parts using
polyamide-6 (PA-6)/clay nanocomposites.® In fact,
the incorporation of small amounts of layered alumi-
nosilicates such as montmorillonite (MMT) dimin-
ished the polymer flammability,”'? enhanced its
thermomechanical properties, and reduced signifi-
cantly the weight, thus improving the performance
and efficiency of vehicles. However, such materials
only became more readily available after the devel-
opment of fabrication methods based on the direct
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incorporation of nanofillers into the melted matrix
by Vaia et al."®

Among the inorganic nanoparticles available for
preparation of organic polymeric nanocomposites,
natural and synthetic clays (layered silicates) have
deserved great attention of researchers at academia
and industry.! Among the most commonly used
matrices for polymer—clay nanocomposites (PCN)
are PA-6," poly(vinyl chloride),'* polyurethane,'® sty-
rene butadiene rubber,'® Nafion,' poly(aniline),18
poly(lactic acid)," polymeric hydrogels,*’ and bacte-
rial cellulose.”

The characteristics of PCN materials are strongly
dependent on the extent of clay exfoliation, which is
defined by processing parameters such as tempera-
ture, pressure, type of extruder, and design of screw,
as well as by the functionalization of the nanofiller
and the strength of the interaction between the dis-
persed nanomaterial and the polymeric matrix.”*'
Generally, the viscosity, temperature, and extruder
rotation speed should be carefully controlled to have
high enough shear energy to promote exfoliation/
intercalation processes.

To get a tough interfacial interaction between the
polymeric matrix and the nanofiller surface, hydro-
phobic organic polymers should be mixed with clays
having organic surfactants in between the layers and
at the external surfaces, known as organoclays. Cloi-
sites are commercially available natural MMT clays
whose cations were exchanged by quaternary am-
monium cations with long hydrocarbon chains and
low polarity, making the two dissimilar phases
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compatible and ensuring the formation of interesting
nanocomposite materials.

Fornes and Paul®® prepared PA-6/MMT nanocom-
posites using low, medium, and high molecular
weight resins. The X-ray diffraction (XRD) and trans-
mission electron microscopy (TEM) data revealed
that the fraction of exfoliated/intercalated clay
increased as a function of the polymer molecular
weight, reflecting the influence of the melt viscosity,
and consequently of the shear energy, on the charac-
teristics of the resultant materials. In fact, PA-6/
MMT composites prepared with low molecular
weight resins showed some degree of intercalation
and exfoliation, whereas those prepared with me-
dium to high molecular weight resins exhibited
almost completely exfoliated clay particles.

Liu et al.** prepared PA-6 nanocomposites in a
twin-screw extruder using 1-18 wt % of a MMT
modified with octadecylammonium cation. Polymer
intercalation took place when the clay loads were
greater than 10 wt % as indicated by the expansion
of the interlayer distances (15.5-36.8 A). However,
for lower amounts of clay, the 001 diffraction peak
was not well defined enough to allow a precise mea-
surement. In addition, the XRD and differential
scanning calorimetry (DSC) data indicated that the
nanocomposites have a higher degree of crystallinity
than the pristine PA-6, and that the clay incorpora-
tion promoted the formation of the y-phase in detri-
ment of the a-phase.

Russo et al.” studied the influence of the process-
ing parameters in a three-stage twin-screw extruder,
followed by reprocessing in a single-screw extruder,
on the properties of PA-6/Cloisite 30B nanocompo-
sites. The XRD and TEM results indicated that the
reprocessing changed the clay morphology and the
fraction of exfoliation, thus degrading the mechani-
cal properties. This was attributed to decomposition
of the quaternary ammonium cation and consequent
reconstruction of tactoids.

Despite the extensive works that have been carried
out with PA-6/MMT nanocomposites, only few of
them were focused on the influence of the amount
of organoclay in the crystallization process.*>**>?
Fornes and Paul® carried out a seminal work on
that phenomena, but the correlation with other phys-
icochemical properties has not been systematically
explored yet. Accordingly, in this work, the study of
the influence of Cloisite (15A and 30B) nanofiller on
the polymorphism, as well as the influence of the
degree of crystallinity on the mechanical, thermome-
chanical, and gas diffusion properties of PA-6 nano-
composites are described.

EXPERIMENTAL

All samples were prepared with Akulon F-136E, a
nucleated high viscosity PA-6 resin, from DSM
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Engineering Plastics. The organophillized clay addi-
tives Cloisite 15A and 30B, from Southern Clay
Products, prepared with natural MMT and quater-
nary ammonium salts, were used to prepare the PA-
6/clay polymeric nanocomposites. Cloisite 15A is
functionalized with 125 mequiv/100 g of
[N(CHa3)2(HT),] *CI7, where HT is a long saturated
alkyl chain with ~ 65% C18, ~ 30% C16, and ~ 5%
C14. Cloisite 30B is functionalized with 90 mequiv/
100 g of [N(CH,CH,OH),(CH3)(T)]"Cl” where T is a
long saturated alkyl chain with ~ 65% C18, ~ 30%
C16, and ~ 5% C14.

Preparation of the nanocomposites

The nanocomposites were prepared in two steps: the
PA-6 resin was first processed with 1-10 wt % of
Cloisite in a twin-screw extruder and then the pellets
were converted into tubular films using a single-
screw equipment connected to an accessory for proc-
essing by the balloon method. A Werner & Pfleiderer
Megacompounder corotational 32-mm double screw
extruder, L/D = 40, with 11 heating zones and a lat-
eral feeder in the fifth zone, was used in the melting
exfoliation/intercalation process. The following tem-
peratures were used in the zones: 1: 230°C, 2—4:
250°C, 5-7: 240°C, and 8-11: 230°C. The average pres-
sure was 200 bar and the rotation speed 900 rpm. A
lateral automatic feeder with a small screw coupled
to the extruder was used to ensure a homogeneous
concentration of clay along the samples. The nano-
composites were extruded through six holes, immedi-
ately cooled in a water bath at 20°C and cut in pellets,
which were reprocessed into films (150 mm wide and
50 um thick) using a single-screw extruder with five
heating zones (230, 240, 245, 250, and 255°C) and rota-
tion rate of 35 rpm. Eight polymeric nanocomposite
samples (10 kg each) were prepared and used in all
experiments, by incorporation of 1, 2, 5, and 10 wt %
of Cloisite 15A or Cloisite 30B.

Characterization

XRD patterns were registered in a Rigaku Miniflex
diffractometer equipped with a Ni filter and operat-
ing at 30 kV and 15 mA, in the (20) 2-80° range, at
scan rate of 0.02° s, using Cu-K, radiation (A =
1.5451 A). The polymeric film samples were sup-
ported in a perforated aluminum base, used as sam-
ple holder. Infrared spectra of PA-6/Cloisite com-
posite samples were collected in a Shimadzu 8800
spectrophotometer ~ coupled  with  AIM-8600
microscope.

The film thickness was measured at every 5 mm
in the transversal direction (TD), with a Mitutoyo
Absolute digital micrometer. Tensile strength meas-
urements were performed using an Instron 5564
load cell, using 1l-inch wide and 50-mm long
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specimens until failure (ASTM D882), at elongation
rate of 500 mm min ', 25°C, and relative humidity
of 50%. The tensile strength measurements up to
failure, at 100% humidity, were carried out with
specimens kept in a water bath (40°C) for 30 min.
The puncture resistance (ASTM F1306-90) was meas-
ured using pieces of nanocomposite films, fixed in
between two metal plates with a circular hole in the
middle (A = 962 mm?), by exerting pressure up to
rupture with a metal tip moving at 100 mm min" ',
according to ASTM standards. The thermomechani-
cal analyses (TMA) were carried out in a TA Instru-
ments, model 2940, TM analyzer, using 5-mm wide
and 12-mm long specimens. The elongation was
monitored at constant force of 1 N as a function of
temperature, which was increased at a rate of 10°C
min ! from T; = 70°C.

The permeability of the nanocomposite films to
oxygen gas was evaluated at 0 and 95% relative hu-
midity using a Mocon Ox-Tran model 2/22 equip-
ment. The samples (A = 50 cm?) were conditioned
in a desiccator containing activated silica-gel for 48
h before carrying out the measurements at 0% hu-
midity, using a constant flux of oxygen and a carrier
gas (nitrogen, 10 mL min '), at 23°C. The measure-
ments at 95% relative humidity were carried out
using samples conditioned in a desiccator for 48 h,
whose atmosphere was in equilibrium with distilled
water at 25°C. All parameters were the same as that
used in the dry conditions, except that the carrier
and oxygen gas chambers were in equilibrium with
distilled water at 1.6 psig, to keep the relative hu-
midity at 95%.

The permeability of the PCN films to water vapor
was measured in a Mocon Permatran model 3/33
equipment. The samples (A = 50 cm?®) were condi-
tioned for 48 h in a desiccator, whose atmosphere
was in equilibrium with distilled water. The experi-
ments were carried out using a vapor-saturated
nitrogen gas (100 mL min ') at 25°C.

RESULTS AND DISCUSSION

In this work, the melt intercalation method was
used to prepare PCN materials due to its environ-
mental and processing advantages. In fact, it is com-
patible with currently used industrial processing
methods such as molding by extrusion and injection
(at least in the case of PA-6 and other thermoplas-
tics). The incorporation of the clay nanofiller in the
PA-6 melt was carried out in a twin-screw extruder,
using suitable parameters to get pellets with 1, 2, 5,
and 10 wt % of Cloisite 15A and Cloisite 30B, which
were reprocessed as films in a single-screw extruder.
All samples were homogeneous and transparent but
a beige color (characteristic of Cloisite) became more
pronounced as the concentration of the organoclay
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increased. However, no significant development of
color due to thermal decomposition of the quater-
nary ammonium or the formation of heterogeneous
phases was observed.

The infrared spectra of pristine PA-6 as well as of
the PCN films with 1, 2, 5, and 10 wt % of Cloisite
15A are shown in Figure 1(A). The pristine resin
exhibited characteristic symmetric and asymmetric
C—H stretching bands at 2850 and 2930 cm %
whereas those at 3310 and 3080 cm ™' were assigned
to N—H stretching and secondary harmonic modes
of amide groups. The strong bands at 1545 and 1640
cm ™! can be assigned to C=N/C=C and C=0/
C=N stretching vibrational modes.

The spectral profile remained almost unchanged
after incorporation of Cloisite 15A or Cloisite 30B in
the resin, except for the rise of Si—O stretching and
angular deformation bands at 1036, 523, and 461
cm ', respectively. The intensity of these bands
were measured and correlated with the concentra-
tion of organoclay in the nanocomposites.> The
band at 1036 cm ™! is particularly interesting because
of its high intensity and the absence of other peaks
nearby, allowing more precise evaluation of its
intensity.

A similar behavior was observed for both PCN se-
ries, as shown in Figure 1(B,C). Notice that the in-
tensity of the 1036, 523, and 461 cm ! bands is an
exponential function, instead of a linear function, of
the wt % of Cloisite. This may be reflecting the
degree of exfoliation/dispersion of MMT as the con-
centration of clay in the nanocomposites was
increased. PA-6 is a polymorphic material that can
be found in amorphous, vy, and o crystalline phases.
The bands at 976 (CONH), 1122 (C—C), and 1234
cm™' (CH, and tertiary amide) are generally
assigned to the presence of the y-phase, while the
bands at 929, 959 (CONH), and 1201 cm™' are
assigned to the a-phase.’® However, no clear correla-
tion could be found between the intensity of those
bands and the fraction of those crystalline phases.

Crystallinity of PA-6 and its nanocomposites

X-Ray diffractometry generally is the technique of
choice to study the degree of crystallinity of any ma-
terial, particularly organic polymeric materials. PA-6
can be found in the monoclinic a-phase and the hex-
agonal/pseudohexagonal y-phase.”> The polymer
chains lay parallel and interact with each other by
means of hydrogen bonds, but they can be oriented
in the same (y-phase) or in the opposite (a-phase)
direction to each other. As a consequence, the angle
between the hydrogen bonds and the polymer
chains are 60° and 90°, respectively, in those crystal-
line phases.*

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 1 Infrared spectra of pristine PA-6 and the respective nanocomposites with 1, 2, 5, and 10 wt % of Cloisite 15A
(A). Plots of the 1036, 523, and 461 cm ™! band intensities as a function of Cloisite 15A (B) and Cloisite 30B (C) content.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

According to Fornes and Paul,® the XRD pattern
of pristine PA-6 exhibits a broad peak around 20
equal to 21.43° assigned to the amorphous phase,
which is superimposed to much narrow peaks at
20.0° and 23.7° assigned to the crystalline o-phase
(o7 and op, respectively), and a very sharp peak at
21.3° attributed to the y-phase. A peak-fitting
method was used in this work to show the presence
and estimate the contribution of those three phases
in the PA-6/Cloisite (15A and 30B) nanocomposite
samples.

The XRD pattern of the pristine resin processed in
a single-screw extruder showed only a broad peak
at 20 = 21.48° (Fig. 2), that was assigned to an
almost completely amorphous material. Only very
small contributions from the crystalline phases were
found in this case, probably because of the quite fast
cooling step used in the processing that precluded
the reorganization of the disordered polymer chains
present in the melt.”” No contribution of aluminosili-
cate peaks could be found even at higher 20 values,
probably because of the low clay concentrations
in the nanocomposites (Supporting Information
Fig. S1).

Interestingly, the incorporation of 1-10 wt % of
Cloisite changed dramatically the crystallinity of the
polymer in the respective PCNs, as shown in Figure
2. All of them exhibited a sharp peak at 20 about
21°, due to the preferential formation of the crystal-
line y-phase. In fact, this phase is predominant even
at the lowest Cloisite concentration (1 wt %), indicat-
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ing a very strong polymer chain ordering effect
induced by the organoclay nanoflakes. However, it
is evident that sharp peak is on the top of a broad
halo suggesting the presence of the amorphous
phase.’® A much closer inspection revealed that the
base of the sharp peak is broadened by the presence
of a low intensity side peak at higher 26, that was
tentatively assigned to the op-peak, while the o-
peak seems to be hidden under the peak envelope.
However, no peaks assignable to Cloisite tactoids
could be found because either, their concentration
was too low to be detectable by XRD technique, or
the organoclay was almost completely exfoliated
during the melt processing. The samples with 5 and
10 wt % of Cloisite exhibited XRD peaks in the low
20 region that could be attributed to tactoids but
were broadened and found at higher diffraction
angles than that expected for the dgg; peak of the
nanofillers. This result may suggest the presence of
tactoids with smaller interlayer distances generated
by the thermal decomposition of the respective qua-
ternary ammonium modifiers.””

To shed light on the crystallization-inducing prop-
erties of Cloisite, a more quantitative analysis was
carried out. The contribution of each PA phase was
estimated by using a deconvolution method based
on asymmetric Gaussian curves implemented in MS-
Excel, assuming that the diffraction cross sections
are similar. The peak parameters previously found
by Fornes and Paul® were used as the first approxi-
mation, leading to excellent fittings for the pristine
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Figure 2 XRD patterns of pristine PA-6 and the nanocomposites with 1, 2, 5, and 10 wt % of (A) Cloisite 15A and (B)

Cloisite 30B.

resin and the nanocomposite films (Supporting In-
formation Figs. S2 and S3). Accordingly, a broad
Gaussian peak centered at 20 = 21.6° was used for
the amorphous phase, while a sharp peak at 21.5°
and two sharp peaks at 20.6° and 22.3° were, respec-
tively, used to account for the y-phase and a-phase
(o7 and o, peaks) contributions. A typical result for
the nanocomposite prepared with 1 wt % of Cloisite
15A and Cloisite 30B are shown, respectively, in Fig-
ure 3(A,C). Note that there is almost perfect match-
ing between the calculated and experimental curves,
indicating that the number of parameters and the
XRD peak parameters are suitable for the description
of the crystalline and amorphous phases of PA-6/
Cloisite nanocomposite materials.

The plots of the integrated area of the peaks corre-
sponding to each phase as a function of the wt % of
Cloisite are shown in Figure 3(B,D). The proportion
of the y-phase increased abruptly at the expense of
the amorphous phase after incorporation of 1 wt % of
Cloisite, while the proportion of the a-phase (a;- and
ar-peaks) increased only slightly, remaining more or
less constant at higher concentrations. In fact, the
amount of y-phase increased from almost 0 to 38-55%
after incorporation of 1 wt % of nanofiller. Thus, the
organophillized clay platelets should exhibit a very
strong capacity to induce crystallization, i.e., to
organize the PA hydrocarbon chains around the or-
ganic-inorganic interface. However, the contribution
of the amorphous phase tended to increase at expense

of the y-phase as the wt % of Cloisite was increased
further, as shown in Figure 3(B,C). In addition, the
Cloisite 30B was shown to have a much higher crys-
tallization inducing capability than Cloisite 15A. This
behavior can be account for only if a certain level of
molecular organization is held in the melt by electro-
static and possibly hydrogen bond interactions with
the organoclay platelets. The absence of such molecu-
lar organization in the melt will imply in a very fast
reorganization of the polymer chains induced by the
clay during the cooling step, since the pristine PA-6
processed in similar conditions is almost completely
amorphous. The last assumption is less probable and
can be ruled out because of the mobility constraints
imposed by the high viscosity of the melt.

According to computer simulation studies of ny-
lon-6/Cloisite 20A PCNs performed by Scocchi
et al,” van der Waals and electrostatic interactions
should be considered when analyzing the interaction
forces involving PA-6 (a moderate polar polymer),
the cationic surfactant and the negatively charged
clay platelets. Also, the presence of layered silicates
in a polymer matrix can modify the polymer chain
conformation next to the clay particle surface induc-
ing pseudoepitaxial nucleation mechanisms.” More
specifically a tendency of the surfactant and polymer
chains to adopt a layered conformation on the clay
surface was forwarded by those authors.

In addition, molecular dynamics simulations have
suggested that the surfactant molecules (of Cloisite

Journal of Applied Polymer Science DOI 10.1002/app
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20A) are laying flat on the clay surface and the PA-6
chains are resting on them. Only a small fraction of
the polymer chains can reach and attach directly to
the clay surface, probably through the polar amide
groups. Considering that Cloisite 30B has two
—CH,CH,OH groups in the quaternary ammonium,
one can presume that in this case, the interaction
between the polymer and the surfactant is stronger
than in the Cloisite 15A nanocomposites. Also, the
smaller number of long alkyl chains in that quater-
nary ammonium should generate a less sterically
hindered interface, thus allowing a more direct inter-
action of the polymer chains with the surface of
MMT nanoflakes.

In fact, Paul and coworkers® showed that well-
exfoliated nylon-6/MMT nanocomposites are pro-
duced when the surfactant has only one long alkyl
chain. However, intercalated and exfoliated clay par-
ticles were observed in the nanocomposites when
the quaternary ammonium had two alkyl chains.
The authors suggested that the surfactant bearing
two alkyl chains precludes the approximation of the
polyamide to the clay surface by steric effects, hin-
dering the complete exfoliation by melt processing.
Thus, the presence of two alkyl groups in the qua-
ternary ammonium cation of Cloisite 15A should
make it less suitable for the preparation of PA-6/
clay nanocomposites. Probably, both the lower tend-
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ency of exfoliation and the lower accessibility of PA-
6 chains to the nanoflakes surface are consistent
with the lower crystallization induction capability of
Cloisite 15A as compared to Cloisite 30B. Those dif-
ferences will directly influence the thermomechani-
cal properties of the respective nanocomposites, as
discussed below.

Thermomechanical properties of the
nanocomposite films

The processability of a pristine polymer and its com-
posites can be compared considering the film forma-
tion characteristics. Thus, the pellets of pristine PA-6
and the nanocomposites were used to prepare tubu-
lar films in a single-screw extruder, keeping the
processing parameters constant. The nominal thick-
ness was set to 50 pm, but the average thickness was
found to be about 46 um, except for the 10-wt %
PCN samples that showed a contrasting behavior
and much higher standard deviations, as shown in
Figure 4(A). The expansion of the balloon is strongly
influenced by changes in viscosity and flow charac-
teristics during the blow processing. However, the
increase in the viscosity of the melt should also
change the flow characteristics of the melt inside the
extruder, decreasing the actual amount of melt
delivered to the ring at the base of the balloon. So,
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the composite prepared with 10 wt % of Cloisite
15A seems to have lower viscosity than the one with
the same amount of Cloisite 30B. Interestingly, the
variability was also relatively high for the pristine
resin suggesting that the incorporation of 1-5 wt %
of clay can improve the melt characteristics allowing
a better thickness control in the blow processing.

Resistance to traction and elongation

The tensile strength and elongation properties were
measured at room temperature and pressure, and
50% humidity, along machine direction (MD) and
TD to the MD, to account for the influence of poly-
mer chain preferential orientation. The results are
shown as percentage of variation of the traction
force and elongation until rupture as compared to
the pristine PA-6 films. Larger traction forces (70
and 100%) were registered respectively for the 10-wt
% Cloisite 15A and Cloisite 30B composites [Fig.
4(B)], for the films oriented parallel and TD to the
MD. A rapid increase in the force was observed for
the nanocomposites with 1 and 2 wt % Cloisite than
more or less leveling at 5 wt %. This exponential
curve paralleled the increase of the proportion of -

phase in the PCN materials. However, a further
increase in the force was observed particularly for
the composite with 10 wt % of Cloisite 30B, suggest-
ing the occurrence of new interactions, probably
associated with the presence of tactoids and interca-
lation composites. Summarizing, the tensile strength
in the MD was generally larger than in the TD, espe-
cially for the Cloisite 30B composites. However, the
tensile strength at machine and TD tended to con-
verge at the highest organoclay concentration.
However, the relatively small differences observed
in the tensile strength contrasted with the much
larger differences observed in the corresponding
elongation curves [Fig. 4(C)]. In fact, the elongation
in the MD remained almost constant as a function of
the Cloisite concentration,** except for a slight tend-
ency of decrease observed for the Cloisite 30B nano-
composites, while much larger elongation and vari-
ability were found in the TD.** The hydrocarbon
chains tend to be oriented and stretched along the
machine (MD) thus explaining the much higher
tendency to flow in the TD. However, the enhanced
stiffness of the nanocomposites, particularly at much
higher organoclay concentrations, should be accom-
panied by a decrease in the elongation, as observed
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Figure 5 Comparison between the absolute traction force until rupture normalized by average thickness in the (A)
machine and (B) transversal direction, for samples of pristine PA-6 and respective nanocomposites with 1, 2, 5, and 10 wt
% Cloisite 15A and Cloisite 30B, conditioned at 50 and 100% relative humidity. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

in Figure 4(C). In fact, the incorporation of higher
amounts of organophillized MMT decrease the poly-
mer chain mobility, but the aluminosilicate nano-
flakes also can act as bridging sites.*’ Thus, there is
a competition between these effects and the elonga-
tion is maximized in the nanocomposites with 1-2
wt % of Cloisite.

Furthermore, the mechanical properties of PA-6
are strongly influenced by humidity as it is hygro-
scopic and water act as a plasticizer. In fact, both pa-
rameters, tensile strength, and elongation, showed a
significant decrease at 100% relative humidity as
compared to 50%. It was proposed that water mole-
cules interact with amide groups by strong and
weak interactions, always breaking down the direct
hydrogen bonds between amide groups connecting
the PA-6 chains, thus decreasing the stiffness and
elongation parameters.** Also, there are evidences
that nanocomposites tend to absorb water more
slowly than the pristine polymer matrix such that
similar effects are observed after long enough expo-
sition times.*’

A comparison between the tensile strengths at 50
and 100% relative humidity (Fig. 5) confirmed the
plasticizing effect of water discussed above. In fact,
the enhancement gained in that property at 50% is
almost completely lost at 100% relative humidity,
where the measured parameters were only slightly
better than the value for the pristine PA-6 in the
same experimental conditions. The discrepancy of
the data for the composite with 10 wt % Cloisite 30B
probably is a consequence of the lower average
thickness and much higher variability measured for
that sample [Fig. 4(A)].
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Another important property is the resistance to
perforation, i.e., the resistance of the material to
localized pressure. No significant change in this
property (Force ~ 22 N, average thickness ~ 50 pum)
was observed as a function of the amount of Cloi-
site, as shown in Supporting Information Figure S4.
Nevertheless, there was a significant decrease in the
elongation up to puncture, as a consequence of the
stiffness enhancement caused by the incorporation
of Cloisite, as discussed above.

Thermomechanical properties

Significant but minor effects were observed in the
traction, puncture, and elongation until rupture, but
the material can exhibit enhanced mechanical resist-
ance at higher temperatures. Accordingly, the influ-
ence of the amount of Cloisite nanofiller and the
degree of crystallinity on the flow characteristics of
PA-6 composites in the MD was verified.

A striking effect was observed when the elonga-
tion of the samples until rupture at constant applied
force was analyzed as a function of temperature, as
shown in Figure 6. The pristine resin flowed quite
easily even at 70°C stabilizing at about 200 pum, then
elongating rapidly up to 3000 um before rupture as
the temperature rose until up to 120°C. All Cloisite
30B (Fig. 6) and Cloisite 15A nanocomposites exhib-
ited similar thermomechanical behavior, but with a
clear tendency of increasing stiffness as a function of
the clay content. In fact, the slope is very low below
145°C, then increasing rapidly as a function of the
temperature. However, even at the lowest clay con-
tent (1 wt %), it is possible to get almost the full
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enhancement that can be obtained with 10 wt % of
Cloisite, reflecting the major contribution of the y-
phase on the thermomechanical properties.

The exception to that behavior is the composite
with 10 wt % of Cloisite 15A whose thermomechani-
cal properties were worse than that of the composite
with 5 wt % of that organoclay. This unexpected
result may be assigned to the much more hydropho-
bic characteristics of the quaternary ammonium salt
than that in Cloisite 30B, thus contributing to
decrease the hydrogen bond interactions between
the polymer chains. This is also reflecting on the
higher tendency of the respective PCN films to flow
at lower temperatures, as can be seen in Figure 6.
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Gas permeation properties of the
nanocomposite films

Experiments were carried out at 0 and 95% relative
humidity to evaluate its influence on the permeabil-
ity of those polymeric films to oxygen gas and water
vapor. PA-6 exhibits a medium barrier for gas diffu-
sion, i.e., the permeability for O, varies in the 20
and 60 cm® m™? day ', at 0% relative humidity.
However, its polar nature is responsible for a rela-
tively high permeability to vapor (400-1000 mg m >
day ! for 40-60-um thick films). Clearly, the affinity
of the perfusing gas or vapor for the polymer matrix
strongly influences that property. On the other hand,
the water molecules present in the structure also can
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Figure 7 Relative permeability of (A) water vapor and (B) oxygen gas through PA-6/Cloisite nanocomposites as a func-
tion of the wt % of Cloisite nanofiller. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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act as a plasticizer decreasing the intermolecular
forces between the polymer chains.*® As a conse-
quence, small molecules can diffuse through more
easily because there is more free space in the
humidified polymeric material. However, the gas
pathway will depend on the local mechanical prop-
erties, the degree of crystallinity and the
temperature.

The PA-6/Cloisite nanocomposites have a much
higher crystallinity than the pristine resin, thus
should exhibit lower gas permeability. In addition,
the presence of exfoliated MMT clay platelets dis-
persed in the material should contribute to increase
the diffusion pathway, decreasing further the gas
permeability”” by the so-called tortuous path effect.
Those effects are clearly reflected on the almost lin-
ear decrease of permeability to vapor as a function
of wt % of Cloisite, as shown in Figure 7(A). It is
interesting to note also that both organoclays gave
similar results, leading to about 60% decrease rela-
tive to pristine PA-6 films at the highest concentra-
tion. A similar behavior was observed when the rel-
ative permeability of dry films to oxygen gas was
evaluated. In both nanocomposites, there was up to
about 20% decrease of permeability for 1 wt % of
organoclay, followed by a less pronounced and
monotonic linear decrease down to 38% for the com-
posite with 10 wt % of Cloisite. Much significant dif-
ferences were observed when the same test was car-
ried out at 95% relative humidity. In this case,
almost no barrier effect was observed for the compo-
sites with 1 wt % reflecting the plasticizing effect of
water. However, the permeability decreased more or
less linearly down to 65 (30B) and 50% (15A) at 10
wt %, as compared with the pristine PA-6 film [Fig.
7(B)). Accordingly, the hydrophilic/hydrophobic
character of the quaternary ammonium salt used for
the organophilization of MMT clay seems to plays a
significant role by influencing the affinity and the
plasticizing effect of water, and consequently the
permeability of gases at higher relative humidity
conditions.

CONCLUSIONS

A deconvolution method based on Gaussian curves
was used to estimate the relative contributions of the
amorphous and the crystalline y- and o-phases on
the structure of PA-6 nanocomposites as a function
of the amount of Cloisite 15A and 30B nanofillers
(1-10 wt % range). The presence of clay platelets
strongly induced the organization of the polymer
chains in the melt, favoring the formation of the v-
phase (up to ~ 50%) at expense of the amorphous
phase, while the fraction of a-phase remained more
or less constant (~ 10%). The tensile strength, resist-
ance to puncture, elongation, and thermomechanical
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properties correlated well with the y-phase fraction
in the nanocomposites. The plasticizing effects of
water at higher humidity conditions also played a
significant role canceling out the enhancement
accounted for by the crystallization of the polymer
matrix. Thus, when only thermomechanical proper-
ties are considered, there is no significant advantage
in using high concentrations of the organoclay nano-
filler. However, higher concentrations of Cloisite
should be used when barrier effects are being con-
sidered indicating that the tortuous path permeation
mechanism is the predominant factor hindering the
diffusion of gas or vapor molecules through the
polymeric nanocomposite films.

The authors are grateful to the UNIPAC for the
use of equipments and measurement of mechanical,
thermomechanical, and gas diffusion properties of
polymeric nanocomposites.
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