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ABSTRACT: Nylon 6 [N(6)], nylon 6,6 [N(6,6)], and their
blends at different clay loadings were prepared. The mix
was melted and injected into strip-shaped samples. Me-
chanical and thermal analyses were performed to investi-
gate the effect of blending and the incorporated clay on
the mechanical and thermal properties. Enhancements in
the Young’s modulus and hardness were obtained for all
of the nanocomposites, with a 55% increase in Young's
modulus after the addition of 6 wt % nanoclay, although
the improvement in tensile strength depended on the
blend ratio, with greatest effects on the 50% N(6)/50%
N(6,6) blend with increases of 44 and 59% for 2 and 4%
clay loadings, respectively. Thermogravimetric analysis
showed an enhancement in the thermal properties in the
50% N(6)/50% N(6,6) blend at 2% clay loading, and the
blend exhibited ductile behavior at this loading. Increases

in the crystallization peak temperatures of 10-15° in N(6,6)
and the two blends 30% N(6)/70% N(6,6) and 50% N(6)/
50% N(6,6) were observed after the addition of the clay.
The nanoclay enhanced the y-/B-form crystals in N(6) and
N(6,6) neat polymers and also in the blends. Fourier trans-
form infrared spectroscopy FT-IR revealed the formation
of hydrogen bonding and the possible formation of ionic
bonds between the polymers and the nanoclay, which
resulted in enhancements in the mechanical properties of
the blends. The distribution of the nanoclay in the blend
was well dispersed, as shown by X-ray diffraction analy-
sis. © 2011 Wiley Periodicals, Inc. ] Appl Polym Sci 124: 1880-
1890, 2012
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INTRODUCTION

The use of nanoclay to raise polymers to new capa-
bilities has been widely investigated in the last 2
decades. The addition of a nanoclay to a polymer
matrix improves its physical properties at very low
loadings in comparison with conventional fillers.
This savings in weight and the improvements in the
physical properties make the nanocomposite technol-
ogy commercially applicable.

Many researchers have studied the effects of nanoclay
on polymers on the basis of single polymer matrixes,
including nylon 6,6 [N(6,6)],"* nylon 6 [N(6)],>" poly-
propylene (PP),*” polystyrene,®” and others.

N(6) is one of the polymers for which well-exfoli-
ated nanocomposites have been achieved with several
processing routes, and N(6,6) is an engineering poly-
mer with many useful and interesting applications.

N(6) is usually synthesized by a ring-opening po-
lymerization of e-caprolactam monomer to produce

Correspondence to: R. Jarrar (rabab_jarrar@yahoo.com).

Journal of Applied Polymer Science, Vol. 124, 1880-1890 (2012)
© 2011 Wiley Periodicals, Inc.

a polyamide in which the repeating unit is given in
Scheme 1, together with N(6,6), which is commer-
cially prepared by the step-growth polymerization
between diamine (hexamethylene diamine) and
dicarboxylic acid (adipic acid).

The mixing of polymers has become commercially
and technologically more important than the fabrica-
tion of homopolymers and copolymers in the last
decade. Blending allows one to create new materials
from a wide range of existing materials with specific
properties for the desired application at low cost.

There are few reports involving blend nanocom-
posites. Wahit et al."’ studied the effects of organo-
clay and ethylene-octene copolymer on the morphol-
ogy and mechanical properties of polyamide/PP
blends. They found that the blend ratio and presence
of organoclay influenced the morphology of the
nanocomposites. Tiwari and Khilar'' studied the
thermal and mechanical properties of a new poly
(phenylene oxide)/polystyrene blend. An improve-
ment in the tensile modulus was observed in com-
parison to the blend, whereas decreases in the ten-
sile strength and elongation were observed with
increases in the clay loading. Blend nanocomposites
of PP and ethylene-propylene-diene rubber were
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Scheme 1 Repeating unit of (a) N(6) and (b) N(6,6) show-
ing the main functional groups.
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prepared by a solvent blending method by Frounchi
et al.'> They reported an increase in the barrier prop-
erties, a decrease in the crystallinity, and consistency
in the melting temperature after the addition of
montmorillonite-based organoclay.

In this work, we aimed to investigate the effect of
blending and effect of incorporated clay on the me-
chanical-thermal properties of N(6), N(6,6), and their
blend composites.

EXPERIMENTAL
Materials

N(6) and N(6,6) where obtained from Fisher Scientific
(Suwanee, GA) and were used without further modi-
fication. Their repeating units are given in Scheme 1,
in which the degrees of polymerization are 100 and
200, respectively. A surface-modified montmorillonite
nanoclay (1.34TCN nanomer) with 25-30 wt %
methyl dihydroxyethyl hydrogenated tallow ammo-
nium was obtained from Sigma Aldrich (St. Louis,
MO) and was also used without modification.

Nanocomposite preparation

To ensure ideal mixing between N(6), N(6,6), and
the nanoclay, we refined both N(6) and N(6,6) pel-
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lets to a powder form by cooling the pellets in liquid
nitrogen and then crushing the cooled pellets using
a high-speed blender for 10 min or until a very
smooth and uniform powder was obtained. The
composites and blends used in this work are
described in Table 1.

Mechanical measurements

Tensile testing

The composites were prepared by melting the specific
formulation of the blend in an Haake injection-mold-
ing apparatus (Norwood Instruments, Ltd., Honley,
England) with a nozzle diameter of 3 mm and an
injection speed of 20 mm/s. The barrel temperature
was adjusted to 228°C for N(6) and 264°C for N(6,6).
The samples were produced in strip shapes 10 cm
long, 1 cm wide, and 3 mm thick. Four samples were
produced for each composite/blend formulation. The
mechanical properties of the formed strips were
tested with a universal tensile testing machine (MTS;
20/MH) equipped with a 5-kN standard load cell
and with a crosshead speed of 10 mm/min. The sys-
tem was equipped with universal testing software
(TestWorks, San Francisco, CA). The average of three
tested samples was used in the evaluation.

Indentation testing

Nanoindentation tests were performed on a Nano
Test Materials testing platform (Micro Materials,
Ltd.,, Wrexham, United Kingdom), which was
equipped with a three-sided pyramid diamond in-
denter tip (Berkovich type). The nanoindentations
were carried out at a constant displacement rate of
0.0167 nm/s to avoid strain-hardening effects on the

TABLE I
Mechanical and Thermal Properties Deduced from Tensile and Thermal Tests for
N(6), N(6,6), and Their Nanocomposite Blends

Elongation Tensile Young’s
Sample at break (%) strength (MPa) modulus (GPa) Ty (°C) T, (°C)
100% N(6) 18.00 59.9 1.376 187.4 220.0
4% clay 6.33 61.8 1.469 185.8 220.3
6% clay 4.44 66.9 2.136 184.2 218.7
100% N(6.6) 6.05 65.2 1.667 217.9 258.0
4% clay 8.70 70.1 1.800 2274 260.2
6% clay 5.92 60.9 1.819 227.4 260.3
30% N(6)/70% N(6.6) 493 58.2 1.636 207.8 2414
4% clay 5.33 58.5 1.648 2129 2443
6% clay 6.70 58.0 1.705 208.7 242.7
50% N(6)/50% N(6.6) 3.34 39.8 1.599 175.7 209.9
2% clay 5.60 57.4 1.566 186.3 226.6
4% clay 6.28 63.2 1.686 184.4 227.6
6% clay 446 49.8 1.704 184.5 230.5
70% N(6)/30% N(6.6) 3.30 40.1 1.618 177.2 211.0
4% clay 4.10 49.7 1.713 176.0 211.0
6% clay 452 49.0 1.742 174.8 210.1
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measurement until a maximum depth of 1827 nm
was reached. The load (1 mN) was held constant for
30 s to avoid creep, which can affect the unloading
behavior. The indenter was then withdrawn from
the surface at the same rate until 10% of the maxi-
mum load was reached; then, the indenter was com-
pletely removed from the material. Five indents
were performed for each composite/blend sample.
The distance between indentations was 50 um to
avoid interaction. The hardness and elastic modulus
were calculated from the load-displacement data.
As the indenter was allowed to penetrate into the
specimen, both elastic and plastic deformation
occurred, and only the elastic portion of the dis-
placement was recovered during unloading. The
slope (S) at the maximum load point (dP/dh) was
the experimentally measured stiffness of the upper
portion of the wunloading data (Oliver—Pharr
method),”> which could be used to calculate the
reduced modulus of elasticity (E,) with the following
equation:

g~ VT
T aA

where A, is the area of indentation at the contact
depth, B is a constant that depends on the geometry
of the indenter (B = 1.034 for a Berkovich indenter),
and E, is a combination of the sample material and
indenter elastic deformations.'*'® The effects of non-
rigid indenters on the load-displacement behavior
was taken into consideration through the definition
of E, through the following equation:

)

1 1-v: 1-v;

E,~ E, E;

@)

where E; and v, are the Young’s modulus and Pois-
son’s ratio, respectively, for the sample. Poisson’s ra-
tio was taken to be 0.35 for N(6) and 0.41 for N(6,6)
and between 0.35 and 0.41 for the blends. For the di-
amond indenter, the Young’s modulus (E;) was 1140
GPa, and Poisson’s ratio (v;) was 0.07.

The area of contact at peak load was determined
by the geometry of the indenter and the depth of
contact.™

Thermal measurements

The thermal properties of the nanocomposites of
N(6), N(6,6), and their blends were determined by
differential scanning calorimetry (DSC) and ther-
mogravimetric analysis (TGA).

The DSC measurements were performed on a TA
Instruments DSC 200 (New Castle, DE) under a
nitrogen atmosphere with a sample purge flow of 50
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mL/min. About 10 mg of the polymer or the com-
posite sample was used each time and was placed in
a sealed aluminum pan to measure the peak melting
temperature and crystallization temperature. In each
run, the test samples were heated to 350°C at a heat-
ing rate of 10°C/min to eliminate any residual or
thermal history acquired during sample preparation
in the injection-molding machine. Then, they were
cooled to 0°C at a rate of 10°C/min and heated
again at the same rate to 350°C.

The TGA measurements were performed with a
TA Instruments TGA Q500 under a nitrogen atmos-
phere with a balance purge flow of 40 mL/min and
a sample purge flow of 60 mL/min. About 30 mg of
the polymer sample was used each time. The meas-
urements were done with a heating rate of 10°C/
min in the temperature range from ambient to
600°C. The temperatures at 10% weight loss (Tog2,)
and 50% weight loss (Ts09,), the residue percentage
for the nanocomposite, and the maximum degrada-
tion rate were determined with TA Universal Analy-
sis 2000 version 4.5A build 4.5.05 software (TA
Instruments).

Fourier transform infrared (FTIR) spectroscopy

Transmission infrared spectra of all of the samples
were recorded at room temperature with an FTIR
spectrophotometer (NEXUS-470, Thermo Nicolet
Corp. Vernon Hills, IL) in the wave- number range
from 4000 to 400 cm ™' for 32 scans with a 2-cm™' re-
solution. Granules of each sample were mixed in a
ratio of 1.0 wt % with KBr powder dried at 120°C for
24 h. The mixture was milled to a fine powder and
placed in the mold under hydraulic pressure to from
a KBr disc. The sample disc was mounted directly
onto the sample holder, and data for the spectra were
collected after the background was scanned.

X-ray diffraction (XRD) analysis

XRD is the most common and simplest method for
the morphological analysis of nanocomposites. XRD
patterns of the blend samples were recorded with an
Oxford Diffraction-Gemini diffractometer NoidaSEZ,
India equipped with an area detector and operating
at a voltage of 40 kV and a current of 40 mA with
Cu Ko radiation (A = 1.5406 nm) with range of
angles (20’s) from 0 to 120° and a step of 0.02° at 2
s/step. The d-spacing corresponding to the large
peak was calculated from Bragg’s equation:

L =2dsin0
where 20 is the X-ray scattering angle. A commercial

curve-fitting module was used for data analysis. The
changes in the interlayer spacing of the nanoclays
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Figure 1 Stress-strain curves for N(6) nanocomposites
containing 0, 4, and 6 wt % nanoclay. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]

were calculated with Bragg’s law to determine the
extent of exfoliation or intercalation in the
nanocomposites.

RESULTS AND DISCUSSION

Tensile properties of the N(6)/N(6,6) blend
nanocomposites

The mechanical properties of the different polymer
nanocomposites were compared for the same blend
ratio of N(6) to N(6,6) at different nanoclay contents.
Figure 1 shows the representative stress—strain
curves for neat N(6) with 4 and 6 wt % loadings of
1.34TCN. Figure 2 shows the stress—strain curve for
the blends of 50% N(6) and 50% N(6,6) loaded with
0, 2, 4, and 6% nanoclay.

The Young’s modulus, tensile strength, and elon-
gation at break for all blend nanocomposites, which
were obtained from the stress—strain curves
(obtained by the averaging of the results of three
samples), are summarized in Table I (data from DSC
are also included). The Young’s moduli for the neat
blend composites were between those of the neat
N(6) and N(6,6) and decreased with increasing N(6)
loading. The addition of the nanoclay caused an
increase in Young’s modulus of all the nanocompo-
sites over the neat polymers and their blend. This
was in agreement with the behavior of other poly-
mer nanocomposites reported in the literature,'®!”
but the amount of increase differed from one com-
posite to other, having its greatest value for N(6) af-
ter the addition of 6 wt % nanoclay, with an increase
of nearly 55% above its original value, although a
slight increase in the modulus of only 6% was
detected for the 50 wt % N(6)/50 wt % N(6,6) blend
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after the addition of the same amount of nanoclay.
The enhancement of Young’s modulus was due to
the reinforcement of the dispersed layers of the
nanoclay and to the good interaction of the clay
with the N(6) matrix.!

The tensile strengths of the neat N(6) and neat
N(6,6) were greater than those of their neat blends.
The effect of the addition of nanoclay on the tensile
strength depended on the blend ratio of the compos-
ite, with the greatest effect on the 50 wt % N(6)/50
wt % N(6,6) blend. The tensile strength of this blend
increased by an amount of 44% for 2 wt % clay load-
ing and by 59% for 4 wt % clay loading, and this
increase was followed by a decrease for the loading
of 6 wt %, which was still greater than the value of
the neat blend, so this behavior of the tensile
strength (an increase followed by a decrease) after
certain loadings of clay was exhibited by N(6,6),
whereas it remained constant beyond 4 wt % clay
content for the 30 wt % N(6)/70 wt % N(6,6) and 70
wt % N(6)/30 wt % N(6,6) blends. Nanoclay-con-
taining polymeric nanocomposites encompass a
number of advantages over conventional composites.
The main improvements are in the modulus, hard-
ness, impact strength, heat resistance, and dimen-
sional and thermal stabilities. The addition of a few
percentage of nanoclay can enhance these properties,
but the addition of more nanoclay may not necessar-
ily produce more improvement in the mechanical
properties. This is due to the increase in the viscos-
ity of the polymer with the addition of nanoclay and
the intensification of the amount of air bubbles pro-
duced during the mixing process. The addition of a
large percentage of nanoclay tended to cause
agglomeration, which caused a constancy or

70 —— 0% CLAY

—2%clay
A% clay
% clay

Tensile Stress (Mpa)
t 8

w
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Figure 2 Stress—strain curves for the blends [50% N(6)/
50% N(6,6)] containing 0, 2, 4, and 6 wt % nanoclay.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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TABLE II
Mechanical Properties Deduced from the
Nanoindentation Test of the Polymer
Blends and Nanocomposites
Elastic
Reduced (Young’s)
modulus modulus Hardness
Sample (GPa) (MPa; nano) (GPa; nano)

100% N(6) 1.844 1.621 0.179

4% clay 2.575 2.265 0.198

6% clay 4.701 3.376 0.311
100% N(6.6) 2.812 2.345 0.193

4% clay 3.495 2917 0.204

6% clay 3.485 2.909 0.290
30% N(6)/70% N(6.6) 2.793 2.370 0.197

4% clay 3.387 2.875 0.223

6% clay 3.255 2.763 0.222
50% N(6)/50% N(6.6) 2.260 1.938 0.172

2% clay 2.037 1.746 0.163

4% clay 3.500 3.004 0.365

6% clay 3.668 3.149 0.352
70% N(6)/30% N(6.6) 2.527 2.190 0.201

4% clay 3.322 2.881 0.283

6% clay 3.775 3.274 0.341

decrease in the tensile strength for N(6,6) and the
other mentioned blends.?

The elongation at break in N(6) decreased with
increasing clay content. The decrease in the elonga-
tion at break with increasing clay content is a behav-
ior reported for many polymer nanocomposites,'® >
whereas in N(6,6) and the 50 wt % N(6)/50 wt %
N(6,6) blend, an increase in the elongation at break at
4% clay loading happened; this indicated good ductil-
ity of the hybrid.? These increases in the ductility and
elongation at break were followed by a decrease in
the clay content at 6 wt % with a decrease also of the
tensile strength, which indicated the inverse effect of
the clay at higher clay loading (brittleness).

Indentation testing

The mechanical properties (reduced modulus E,,
elastic modulus, and hardness) obtained from the in-
dentation test are summarized in Table II. The val-
ues reported here represent an average of four speci-
mens for each sample, and each specimen
underwent five cycles of loading and unloading. The
elastic modulus, which was obtained from E, with
eq. (2), increased with increasing clay content for
nearly all composites; this was the same behavior of
the elastic modulus obtained by tensile testing. Com-
paring the values of the elastic modulus of the same
composite obtained by the two different methods
(tensile testing and indentation testing), we observed
a difference, with greater values obtained by the in-
dentation test. Possible origins for this difference, as
reported by Dassari et al.,”! were differences in the
loading direction, local and bulk crystallinities, and
crosslinking. The elastic modulus, measured by ten-
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sile testing for injection- and compression-molded
specimens, differed from the direction in which it
was measured during nanoindentation, and the
presence of nanoparticles was expected to affect the
polymer chain mobility and kinetics in their near vi-
cinity and local chemistry at the interface. This
caused different properties compared to those from
the bulk.

The hardness, which quantifies the resistance of a
material to plastic deformation, is shown in Figure
3, and it increased for nearly all of the composites
with the addition of the nanoclay.

Thermal properties

The losses in weight for the neat N(6), N(6,6), their
blends, and the nanocomposites were determined by
TGA. Togy and Tsgpe, the maximum decomposition
rate, and the residue for all of the composites are
summarized in Table III. When the clay content was
increased, all of the samples showed an increase in
the residue over the neat composites, and most of
them showed a decrease in the maximum decompo-
sition rate (the maximum rate of weight loss) with
increasing clay loading. Togpy, and Tsgpy did not
change considerably with the addition of clay,
except in the 50 wt % N(6)/50 wt % N(6,6) blend
and at 2 wt % clay loading; an improvement in the
thermal properties of this blend was detected
through an increase in Togo, from 408°C for the neat
blend to 422°C and an increase in Tsye, from 442 to
462°C. The maximum decomposition rate occurred
at a higher temperature, 470°C, in comparison with
that of the neat blend (450°C) and the other two clay
loadings and with smaller values of maximum rate
of weight loss (see Fig. 4); this indicated that the
clay particles at this loading improved the thermal
stability of the blend by acting as thermal insulators
and mass transport barriers to the volatile products
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Figure 3 Hardness of the nanocomposites of N(6), N(6,6),
and their blends obtained from nanoindentation. [Color
figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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Maximum decomposition

Too9, Ts09 Residue Rate Temperature

Sample (@) °C) (%) (%/min) ({®)

100% N(6) 400 445 0.7 22.6 450
4% clay 400 440 2.6 224 450
6% clay 400 440 4.6 21.4 450
100% N(6,6) 410 440 24 21.0 450
4% clay 410 445 49 18.5 450
6% clay 405 445 7.1 18.0 450
30% N(6)/70% N(6,6) 405 440 1.9 20.5 440
4% clay 404 445 4.6 17.1 450
6% clay 405 445 6.3 20.2 450
50% N(6)/50% N(6,6) 408 442 1.6 20.8 450
2% clay 422 462 2.6 18.1 470
4% clay 400 440 45 21.0 450
6% clay 400 440 5.8 21.2 450
70% N(6)/30% N(6,6) 402 443 1.2 21.5 450
4% clay 403 443 3.9 21.8 450
6% clay 402 445 45 22.3 450

generated during decomposition."**** At a higher
loadings of this blend beyond 2%, Topy, and Tsgo,
decreased and then leveled off. This result was in
agreement with those of Tiwari and Khilar,"! who
observed the maximum improvement in the thermal
stability of their blend at 2 wt % clay loading, and
those of Zhu et al.,** who obtained significant
improvement of PS nanocomposites at a very low
clay loading (0.1 wt %), and beyond 3 wt % clay,
Tog9, became nearly constant.

The effects of the nanoclay on the melting and
crystallization temperatures of N(6), N(6,6), and their
blends were examined by DSC. The thermal charac-
terization results are given in Table I, which shows

100

—D%clay

- —=7%clay
\ &% clay
— 6% clay

80

80

weight percent (%)

4

o P 00 300 400 00 L] ™

Temperature {°C)

Figure 4 TGA thermograms of the blends [50% N(6)/
50% N(6,6)] with different clay loadings. [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

the maximum crystallization temperature (T..,) and
maximum melting temperature (T,). Figure 5 repre-
sents the crystalization exothermic curves for N(6,6)
nanocomposites, obtained from DSC cooling scans at
a rate of 10°C/min. T, of the neat blends was less
than that of neat N(6,6), and it decreased with the
increase of N(6) loading; this indicated that the pro-
cess of blending lowered T... The crystallization
process, which began spontaneously by polymer
chain aggregation through a homogeneous nuclea-
tion mechanism, was delayed by the blending pro-
cess, and this resulted in a decrease in the crystalli-
zation temperature in the blend below that of N(6)
and N(6,6) to form stable nuclei for crystallization.
The addition of nanoclay increased T.., of N(6,6)
and the two blends 30 wt % N(6)/70 wt % N(6,6)

= chy
—Pechy
6% clay

Ende

Temperature( °C )

Figure 5 DSC cooling curves of the N(6,6) nanocompo-
sites. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

Journal of Applied Polymer Science DOI 10.1002/app



1886

—0%clay
—i%clay

o —6%clay

10 (4] 140 ] 180 20 1 240 60 1m0 300

Temperature (°C)

Figure 6 DSC heating curves of N(6) nanocomposites.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

and 50 wt % N(6)/50 wt % N(6,6) by nearly 10, 5,
and 10°C, respectively.

The clay particles acted as nucleating agents and
increased the rate of crystallization. The neat compo-
sites crystallized by the homogeneous nucleation
mechanism, as mentioned before, and that started
spontaneously by polymer chain aggregation below
the melting temperature.” Nanofillers act as nuclei to
promote the crystallization process, which makes the
chains order themselves at higher temperatures® and
reduces the supercooling needed for crystallization.
In the 50 wt % N(6)/50 wt % N(6,6) blend and
beyond 2 wt % nanoclay loading, the rate of crystal-
lization was retarded; this indicated good exfoliation
of the clay at 2% loading, and this result was in full
agreement with TGA, whereas in N(6) and the 70 wt

—O%clay
—atclay
— % clay

15 17 150 m %0 1] m =0 " 5o 359

Temperature (°C)

Figure 7 The DSC heating curves of N(6,6) nanocompo-
sites. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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Figure 8 The DSC heating curves of (50% N(6)/50%
N(6,6)) blend nanocomposites. [Color figure can be viewed
in the online issue, which is available at
wileyonlinelibrary.com.]

% N(6)/30 wt % N(6,6) blend, the crystallization
temperature remained nearly constant, so the big
improvement of Young’s modulus in N(6) was a
result of the nanoclay acting as a nanofiller and to
strong hydrogen bonding interactions between the
N(6) chains and the clay surfaces. FTIR spectroscopy
showed a similar effect, as discussed later.

T,, of the neat blend [30 wt % N(6)/70 wt %
N(6,6)] was between the T,, values of N(6) and
N(6,6), whereas this temperature for the other two
blends was less than those of N(6) and N(6,6) and
the melting temperature as the crystallization tem-
perature decreased with increasing N(6) loading.

— 0¥ dlay
— % clay
— 6% clay

Endo
EL

100 120 140 160 12 200 0 230 %0 %0 300
Temperature [ °C)

Figure 9 The DSC heating curves of (70% N(6)/
30% N(6,6)) blend nanocomposites. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Figures 6-9 represent the melting endothermic
curves of some of the nanocomposites obtained from
the heating scans after cooling at the same rate of
10°C/min (some of the melting curves were shifted
vertically for easier study). As shown in Table I,
there was an increase of about 17-20°C in T,, for the
50 wt % N(6)/50 wt % N(6,6) blend after the addi-
tion of the nanoclay, and this was in full agreement
with the improvement in the thermal properties of
this blend according to the TGA, whereas the T,
values of N(6), N(6,6), and the other blends
remained nearly constant after the addition of the
clay; this consistency in the melting temperature has
also been found in other systems.*2°

In N(6), N(6,6), and the 70 wt % N(6)/30 wt %
N(6,6) blend, the addition of the clay enhanced the
appearance of a small peak that appeared as a
shoulder of the main melting peak. These two peaks
in N(6), as reported by Sun et al.,” referred to the o-
form crystals, which were thermodynamically stable
and represented by the mean peak at nearly 220°C,
and the other peak, which was as a shoulder of the
mean peak, was due to the y form at nearly 212-
215°C. The two peaks in N(6,6) at 260 and 252°C
were related to the o and B forms, respectively, as
reported by Zhang® and Xin et al.”’ These two

FTIR spectra of pure nanoclay, Nylon (6,6) and Nylon (6). [Color figure can be viewed in the online issue,

peaks” behavior in N(6,6) indicated that the clay
could induce and enhance the B-form crystals, which
appeared as a shoulder for the mean o peak,
whereas for the 70 wt % N(6)/30 wt % N(6,6) blend,
the melting temperature for the stable crystal struc-
ture was 210°C, and the melting temperature for the
other crystal form was nearly 205°C. An acceptable
theory for the two peaks’” behavior was put forward
by Roberts®®* and Holdsworth and Jones,** who
said that the first peak, which appears as a shoulder
for the mean peak, results from the melting of
imperfect crystals and that the mean peak results
from the melting of more perfect crystals, which
results from the recrystallization of imperfect crys-
tals heating.

FTIR characterization

FTIR spectroscopy was used to characterize the pres-
ence of specific chemical groups in the polymer ma-
terial and to monitor any changes that may have
occurred because of the blending process with nano-
clay. It should be mentioned that the FTIR spectra
were used as a qualitative measurement for the
nanoclay blended with the N(6) and/or N(6,6) ma-
trix, depending on the mixing ratios.

Journal of Applied Polymer Science DOI 10.1002/app
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To explain the extent of nanoclay incorporation in
the polymer matrix and its effect on the mechanical
properties of the polymer blends, the chemical struc-
tures of all of the samples were analyzed with FTIR
spectroscopy.

In Figure 10, the FTIR spectra of pure N(6), N(6,6),
and the nanoclay samples are presented. It clearly
reveals the major bands associated with the two ny-
lon samples. We observed C—H broad alkyl stretch-
ing bands at 2850-3000 cm ', typical strong carbonyl
bands at 1650-1725 ¢cm ', and a hydrogen-bonded
band at 3400-3460 cm™'. Intermolecular and inter-
molecular hydrogen bonding were expected to occur
among the polymer chains because of the high
hydrophilic forces between the NH and C=0O
groups present in both polymers.

The FTIR spectrum for pure nanoclay sample was
also recorded as KBr disc, and its band assignments
are presented as follows: the broad band centered
near 3405 cm~' was due to the —OH stretching
band for interlayer water. The band at 3630 cm '
was due to —OH group stretching for AI—OH and
Si—OH. The shoulders and broadness of the struc-
tural —OH band were mainly due to contributions
of several structural —OH groups occurring in the
nanoclay. However, the position of the maximum of
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the band was clearly indicative of the chemical com-
position of the nanoclay. The characteristic peak at
1000-1125 cm ! was due to Si—O stretching, and the
transmittance peaks in the region of 1640 cm ™' were
attributed to —OH bending mode in adsorbed water.
The characteristic peaks at 1115 and 500 cm ™' were
due to Si—O stretching (out of plane), and the peak
at 500 cm ™! was due Si—O bending of the nanoclay.
The IR peaks at 915, 875, and 836 cm ! were attrib-
uted to AIAIOH, AlFeOH, and AIMgOH bending
vibrations, respectively.*'*

Figure 11 shows the gradual increase in the inten-
sities of the bands at 1640 cm ™', which were present
in both N(6) and N(6,6) and corresponded to car-
bonyl groups. The band at 500 cm ™, corresponding
to Si—O bending present in the nanoclay sample,
supported the gradual changes in the composition of
the polymer blend samples, which were related to
the gradual increase of the weight fraction of the
nanoclay content from 0 to 6 wt %.

In Figure 12, a few essential bands are considered
to demonstrate the degree of nanoclay presence
within the polymer matrix, the assignment of which
was already discussed.

In this study, the primary motivation for deter-
mining the molecular structure of the polymer with
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FTIR spectroscopy was to relate the structural
changes to the performance properties. The enhance-
ments in Young’s modulus and hardness observed
in the mechanical tests were due to the polar nature
of both N(6) and N(6,6) and the possible formation
of ionic bonds between the nanoclay and the poly-
mer chains.??

XRD analysis

Nonuniformity or poorly dispersed regions in blends
of nanoclay and nylon samples may occur because
of either low concentration of the nanoclay or
immiscibility between the polymer matrix and the
nanoclay or any disorder present in the sample.
When these samples are exposed to X-rays, useful
information can be obtained and used to verify or
refute these observations. The peak positions in the
XRD patterns were used to derive the basal spacing
of the nanoclay blended with various weight percen-
tages of polyamides [i.e., N(6) and N(6,6)]. Figure 13
shows the XRD pattern of the neat N(6,6) and its
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blends with various ratios of nanoclay and N(6). The
powder diffractograms for neat N(6,6) showed two
strong and well-resolved broad peaks at 20 values
around 20 and 24°; this indicated the existence of
both forms of crystals, o; and o,, respectively.”’ "
These two peaks could be clearly interpreted in con-
firming the o form of N(6,6). Because this was a
pure sample with 0 wt % clay content, no peak
appeared between 20 values of 7-10, which are,
according to Phang et al.,* associated with the pres-
ence of nanoclay. With increasing clay content or
blending with N(6), no new peaks appeared in the
XRD patterns at that region, and there was little
change in the relative intensities of the oy and o,
peaks for all of the samples. This observation indi-
cated that the clay did not induce new crystalline
forms in N(6,6) and did not interrupt the crystalline
structure of the o form.

The reduction in the intensity of the two peaks
and the shift to higher 26 values (22 and 26°) for
N(6,6) with 4 wt % nanoclay resulted from the
decrease in the amount of intercalated clay; it sug-
gested the breakdown of platelet agglomerates or
partial exfoliation. Consequently, the clay platelets
were uniformly dispersed in the polymer matrix
rather than agglomerated as tactoids.*

For all samples containing various weight percen-
tages of nanoclay, there was no well-resolved peak
associated with the nanoclay at 20 < 10°. This indi-
cated that most of the nanoclay was well dispersed
within the polymer.

CONCLUSIONS

Nanocomposites of N(6), N(6,6), and their blends [30
wt % N(6)/70 wt % N(6,6), 50 wt % N(6)/50 wt %
N(6,6), and 70 wt % N(6)/30 wt % N(6,6)] at differ-
ent clay loadings were prepared by the mixture of
the polymers with an organically modified clay,
1.34TCN, compatible with the polymer matrix

Journal of Applied Polymer Science DOI 10.1002/app
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(nylons). The mix was melted and injected into
strip-shaped samples. The mechanical results show
increases in the Young’s moduli, which were
obtained from the tensile testing, for all of the nano-
composites, with the greatest increase in N(6) of
nearly 55% above that of the neat sample, whereas
the enhancement in the tensile strength depended
on the blend ratio and had its greatest effect on the
50 wt % N(6)/50 wt % N(6,6) blend. This blend
exhibited ductile behavior after the addition of 2
and 4 wt % clay. The reduced modulus and elastic
modulus obtained from the indentation test and cal-
culated by the Oliver-Pharr method showed
increases after the addition of the clay, which was
the same behavior as that of Young’s modulus
obtained from the tensile test but with greater values
due to different loading directions and differences in
the local and bulk crystallinities and crosslinking.
The TGA results show an improvement in thermal
properties of the 50 wt % N(6)/50 wt % N(6,6) blend
through increases in Togy, and Tspe, from 408 and
442°C for the neat blend to 422 and 462°C at 2 wt %
clay loading. The maximum decomposition rate
occurred at a higher temperature, 470°C, in compari-
son with that of the neat blend, at 450°C. DSC
showed increases in the crystallization temperature
for N(6,6) and the two blends 30 wt % N(6)/70 wt %
N(6,6) and 50 wt % N(6)/50 wt % N(6,6) in addition
to the enhancement of the two-peak melting behav-
iors in N(6), N(6,6), and the 70 wt % N(6)/30 wt %
N(6,6) blend after the addition of the clay. The
enhancement in the Young’s modulus and hardness
observed in mechanical tests were supported by FTIR
spectroscopy, and we concluded that this was
because of the polar nature of both N(6) and N(6,6),
which contributed to the formation of hydrogen
bonding and most likely the formation of ionic bonds
between the nanoclay and the polymer chains.
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