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ABSTRACT: Nylon 6 nanocomposites were prepared by
the in situ polymerization of e-caprolactamwith ultrasonically
dispersed organically modifiedmontmorillonite clay (Cloisite
30B1). Dispersions of the clay platelets with concentrations in
the range 1–5 wt % in the monomer were characterized using
rheological measurements. All mixtures exhibited shear-thin-
ning, signifying that the clay particleswere dispersed as plate-
lets and forming a ‘‘house of cards’’ structure. Samples with
Cloisite concentrations above 2 wt% showed a drop in viscos-
ity between the initial shearing and repeated shearing, indica-
tive of shearing breaking down the initial ‘‘house of cards’’
structures formed on sonication. DMTAmeasurements of the
samples showed an increase in the b-relaxation temperature
with increasing clay concentration. The bending modulus, at
temperatures below Tg, showed an increase with increasing
clay concentration up to 4 wt %. X-ray diffraction measure-
ments showed that all nylon 6/Cloisite 30B samples were

exfoliated apart from the 5 wt %, which showed that some
intercalated material was present. The nylon crystallized into
the a-crystalline phase, which is the most thermodynamically
stable form. Preference for this form may be a consequence of
the long time associatedwith the postcondensation step in the
synthesis or the influence of the platelets on the nucleation
step of the crystal growth. DSC measurements showed a re-
tardation of the crystallization rate of nanocomposite samples
when compared with that of pure nylon 6, due to the exfoli-
ated clay platelets hindering chain movement. This behavior
is different from that observed for the melt-mixed nylon 6/
clay nanocomposites, which show an enhancement in the
crystallization rate. � 2008 Wiley Periodicals, Inc. J Appl Polym
Sci 108: 2242–2251, 2008
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INTRODUCTION

Nanocomposites based on the dispersion of clay par-
ticles in a polymer were first created by Fujiwara and
Sakamoto1 using nylon 6, and later optimized by
researchers at the Toyota Motor Company2,3 in Japan.
It was observed that these materials had double the
tensile modulus, a 50% increase in tensile strength,
and an increase of 808C in the heat distortion temper-
ature range when compared with the pure polymer.
Other advantages of the nanocomposites were a re-
duction in gas permeability, flammability, and water
absorption.

Since these initial studies, there have been a consid-
erable number of papers published on nanocompo-
sites (for example, see Refs. 4–12). Many of the publica-
tions have used montmorillonite as the preferred clay
as it has one of the highest aspect ratios of naturally
occurring clay particles. Montmorillonite is an alumi-
nosilicate and its structure consists of a sheet of octa-
hedral aluminum oxide, AlO6, sandwiched between

two layers of tetrahedral silicon oxide, SiO4, to form a
platelet structure. Each platelet can have a length or
breadth of up to 1 mm but are only 1 nm thick. Mont-
morillonite is a naturally occurring form of clay in
which certain of the aluminum ions have been
exchanged with other cations, typically Fe, Mg, or Li
to create a net negative charge at the platelet surface.
In nature, these sites are the location for cations such
as sodium, which balance the negative charge. The
platelets form small, organized stacks called tactoids,
in which the exchangeable cations fit in between the
platelets and hold them together. The commercial
Cloisite materials are a form of the clay in which the
cations have been exchanged with organic cations,
resulting in an increase in the interplatelet separation
allowing access of the surrounding monomer or poly-
mer into the galleries formed by the clay platelets.

Despite the organic surface modification, it is
found to be still relatively difficult to achieve the
exfoliated dispersed structure that will give maxi-
mum enhancement of properties. Three types of struc-
ture are possible within polymer/clay composite sys-
tems: phase separated microcomposites, where no
separation of clay platelets has occurred; intercalated
structures in which some polymer has penetrated the
interlayer galleries of the clay tactoids increasing the
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silicate layer separation; and exfoliated structures
containing completely separated and orientated clay
platelets. Commonly, a mixed structure of exfoliated
and intercalated nanostructures is present in many
nanocomposite materials.

Nylon 6/clay nanocomposites have been produced
by either melt mixing13–19 or in situ polymerization.20–24

Melt mixing involves shearing nanoclay, using a twin-
screw extruder, directly into molten nylon 6 to dis-
perse the platelets throughout the matrix. In situ poly-
merization was the original method used1,2 by Toyota
Research Laboratories, montmorillonite being interca-
lated using 12-aminolauric acid. This process was sub-
sequently improved by Kojima et al.20,21

Studies at Strathclyde and elsewhere have identi-
fied that ultrasound can aid exfoliation25–27 and
allows significant enhancement of the physical prop-
erties to be achieved. Ultrasonication has also been
used to synthesize polymer/clay nanocomposites
with polymers such as poly(propylene-co-styrene),28

poly(methyl methacrylate),27,28 polyimide,29 and poly
(dicyclopentadiene).30

The crystalline structure of nylon 6 is known to pre-
dominantly favor the a-form, in which antiparallel
polyamide chains are situated such that the amide
linkages and methylene groups lie in the same plane,
allowing maximization of hydrogen bonding. The
addition of clay platelets to nylon 6 is known to pro-
mote the formation of the less thermodynamically sta-
ble g-crystalline form, in which parallel chains require
the amide linkages to twist approximately 608 out of
the plane of molecular sheets of nylon 6 chains. The
majority of studies into the crystalline morphology of
nylon 6/clay nanocomposites have used melt mixed
samples.31–33 Several papers34–36 have compared the
crystalline forms of nanocomposites prepared via
in situ polymerization and melt mixing. It was noted
that regardless of the method of synthesis, the g-form
would always be preferentially formed over the a-
form. At the polymer–clay interface, g-crystallites are
formed whereas a-crystallites are present in the bulk
of the nanocomposite.

In this paper, we explore the nature of the disper-
sion that is created when ultrasound is used to aid
dispersion of the clay platelets and the physical
properties of the materials produced after in situ poly-
merization.

EXPERIMENTAL

Materials

Nylon 6 was synthesized using e-caprolactam (99%),
supplied by Aldrich. It was used in the form of
white, crystalline pellets and has a melting point of
688C. 6-Aminocaproic acid (98%) was supplied by
Aldrich. It is a white, crystalline powder and has a

melting range of 207–2108C. Cloisite 30B1 was
received from Southern Clay Products, Texas. It is
an aluminosilicate clay that contains methyl tallow
bis-2-hydroxyethyl quaternary ammonium chloride
as an organic modifier. The tallow is a long hydro-
carbon chain group consisting of 65% C18, 30% C16,
and 5% C14. The surface modification concentration
is 90 mEq/100 g and the clay has a water content of
approximately 2% (w/w).

Dispersion of clay in monomer

Nylon 6/Cloisite 30B nanocomposite samples were
made in two main stages. The first stage was disper-
sion of Cloisite 30B in molten e-caprolactam using
sonication and the second was polymerization of the
resulting monomer/clay mixture to form the nano-
composite.

Solid e-caprolactam was heated at 858C until mol-
ten. The liquid e-caprolactam was placed in a pre-
heated container and the required amount of clay was
added. The mixture was stirred using a Eurostar IKA-
WERKE stirrer at 250 rpm and sonicated using a Cole-
Palmer ultrasonic processor with a 1/8-in. titanium
sonic probe immersed in the liquid, for 15 min at 30%
power. Heat generated by sonication process was suf-
ficient to maintain e-caprolactam in liquid phase.

In situ polymerization

Approximately 12 g of the e-caprolactam/Cloisite 30B
sonicated mixture was placed in a reaction vessel. To
this mixture, 1.2 g of 6-aminocaproic acid (10% (w/
w)) was added as an initiator for the polymerization
reaction. In the case of nanocomposite samples, the 6-
aminocaproic acid was added to the vessel before the
e-caprolactam/Cloisite 30B mixture. The vessel was
held in a heating block, which was preheated to
2208C. The contents of the tube were flushed with
nitrogen and the reaction mixture was heated at 2208C
until the initiator had completely dissolved into the
monomer/clay mixture. The temperature of the reac-
tion mixture was then raised to 2508C for 5 h. After
5 h at 2508C, the product was allowed to solidify in
the reaction vessel overnight. The product was then
heated to 2008C under a nitrogen blanket for 8 h. This
was a postcondensation reaction step designed to fur-
ther increase the nylon 6 molecular weight in the
resulting polymer/clay nanocomposite.

Rheology

Measurements were carried out on a CSL2 Carri-
Med rheometer (TA Instruments, Leatherhead) using
a cone and plate geometry with a truncated 4 cm, 28
steel cone. Measurements were made using a shear
rate range of 2–200 s�1 at a temperature of 758C.
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X-ray diffraction

X-ray samples were examined using a Siemens D500
Diffraktometer with copper wavelength. The nylon
6/clay nanocomposite disc was placed in the sample
holder and data recorded through angles from 1.58
to 308 with a step-size of 0.05 every 4 s.

Dynamic mechanical thermal analysis

DMTA measurements were made using a Polymer
Laboratories Dynamic Mechanical Thermal Analyzer
MKIII, at a frequency of 1 Hz, a strain of �4; scan-
ning rate of 48C min�1 and the samples were
clamped with a torque of 40N. Each polymer/clay
nanocomposite sample was dried for 24 h in a vac-
uum at 808C prior to measurement.

Differential scanning calorimetry

A TA Q-1000 Differential Scanning Calorimeter was
used for all DSC work on nylon 6 and nylon 6/cloi-
site 30B nanocomposite samples. For nonisothermal
work, each sample was held at �258C for 1 min,
heated from �258C to 2508C at 108C min�1, held for
1 min at 2508C, cooled from 2508C to �258C at 108C
min�1, held for 1 min at �108C and subsequently
heated from �108C to 2508C at 108C min�1. For the
isothermal experiment, samples were ramped from
258C to 2508C at 208C min�1, held for 1 min to
ensure melting, and then rapidly cooled at 408C
min�1 to 1958C, where they were allowed to crystal-
lize for 60 min. The chosen crystallization tempera-
ture was determined through a series of experiments
conducted at various crystallization temperatures.

Gel permeation chromatography

Measurement of the molecular weight of nylon 6/
clay nanocomposite samples was performed by

Rapra Technology Ltd. using a Polymer Laboratories
GPC120, with PL GPC-AS MT autosampler and
Plgel guard plus 2� mixed bed-B columns. 1,3-cresol
with antioxidant was used as the solvent with a flow
rate of 0.8 mL min�1 at 1158C.

RESULTS AND DISCUSSION

Rheology of «-caprolactam/clay dispersions

A rheological analysis of the sonicated e-caprolactam/
clay dispersions allows an investigation into the
degree of exfoliation present in each sample (Fig. 1).
Each sample displayed enhancement of viscosity and
shear thinning, compared with pure e-caprolactam,
indicating that the clay platelets are exfoliated in the
liquid monomer. Shear thinning occurs as the plate-
lets align themselves in the direction of the applied
shear; hence, a lowering of the viscosity is observed
with increasing shear rate. This effect has also been
observed in rheological studies with polyurethane25

and poly(methyl methacrylate)27 nanocomposites.
Montmorillonite clay platelets are charged species

with negative charges present on their surface
(opposed by the cationic organic modifier species) and
positive charges round their edge. In dispersion, exfoli-
ated platelets can interact electrostatically, as they are
sonicated, to build up a ‘‘house of cards’’ structure.
Figure 2 displays the shear stress versus shear rate data
of the Cloisite 30B in e-caprolactam sonicated disper-
sions. The 3, 4, and 5 wt % dispersions each show a sig-
nificant peak in the low shear rate range between 0 and
50 s�1. This peak is attributed to a structural change in
the sample, most likely the elastic deformation and the
subsequent breakdown of the ‘‘house of cards’’ as a
critical shear stress is attained. The idea of an elastic de-
formation and a subsequent breakdown of the platelet
network structure has been proposed by Li et al.37 It is

Figure 1 Shear viscosity versus shear rate measured at
758C for sonicated dispersions of Cloisite 30B in e-capro-
lactam, illustrating the increase in viscosity as the clay con-
centration is increased. This data represents the initial runs
performed on each sample. (�) 0 wt %; (^) 1 wt %; (~)
2 wt %; (�) 3 wt %; (*) 4 wt %; (&) 5 wt %.

Figure 2 Shear stress versus shear rate measured at 758C
for sonicated dispersions of Cloisite 30B in e-caprolactam.
The dispersions each display a yield stress, and the 3, 4,
and 5 wt % samples each show a significant peak, which
represents the elastic deformation of the ‘‘house of cards’’
prior to its breakdown. (^) 1 wt %; (~) 2 wt %; (�) 3 wt %;
(*) 4 wt %; (&) 5 wt %.
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theorized that when a nanocomposite is under strain
there may be an elastic deformation region where the
structure is not broken down. However, when the
strain is increased the network structure is broken
down and the network is irrecoverable.

The initial, second, and third run data of the 5 wt %
are shown in Figure 3. It was observed, on samples
with concentrations from 2 to 5 wt %, that the initial
run gave a higher viscosity that the immediate repeat.
The difference in viscosity, between the initial and
two immediate repeat runs, is further evidence that
the ‘‘house of cards’’ structure has been destroyed.

The immediate repeat run data at high shear rates
can be fitted to the Sisko model, Z ¼ Z1 þ K2ð_gÞn�1,
where Z1 is the viscosity at very high shear rate
(when all structure is broken down), n is a power
law index, and K2 is a constant. The Sisko model
provides a method of describing the relative rate of
the reorientation of the clay platelets in the flow
field. The values obtained from the parameters of
the Sisko model are shown in Table I.

The second repeat run data at high shear rates, as
shown in Figure 4, can be fitted to the Sisko model,38

Z ¼ Z1 þ K2ð_gÞn�1, where Z1 is the viscosity at very
high shear rate (when all structure is broken down),
n is a power law index, and K2 is a constant. The
Sisko model provides a method of describing the rel-
ative rate of the reorientation of the clay platelets in

the flow field. The values obtained from the parame-
ters of the Sisko model are shown in Table I. As
these have been obtained by extrapolating a limited
set of experimental data (which in itself in subject to
some error, estimated to be no more than 5%), they
should be regarded as good estimates. In particular,
the curve for 5 wt % probably approaches that for
4 wt % too closely.

The values obtained for the power law index, n,
indicate the highly shear thinning behavior of these
suspensions, particularly at the higher concentra-
tions. The constant, K2, is sometimes referred to as
the consistency coefficient, and as shown in Figure 5,
is approximately linear with concentration. The val-
ues obtained for the high shear rate viscosity enable
one to gain some insight into particle shape, by
extending the work of Einstein39,40 on the viscosity
of dilute suspension of spheres, and generalizing his
equation to Z ¼ Z1 (1 þ K3c), where c is the concen-
tration and K3 is a shape factor. As seen in Figure 5,

Figure 3 Shear viscosity versus shear rate for a 5 wt %
Cloisite 30B in e-caprolactam dispersion at 758C to demon-
strate the drop in viscosity observed in the sample
between initial shearing and immediate repeat shearings.
(*) Initial Run; (~) and (�) are immediate repeat mea-
surements of the same sample.

TABLE I
The Parameters Determined from Fitting the Immediate

Repeat Data to a Sisko Model at High Shear Rates

Parameter

Concentration

1% 2% 3% 4% 5%

Z1/Pa s 0.0096 0.0109 0.0129 0.0148 0.0145
K2/Pa sn 0.204 0.452 0.803 0.945 1.300
n 0.334 0.206 0.093 0.090 0.084

Figure 4 Shear viscosity versus shear rate for immediate
repeat run data. The high shear rate data fitted to the
Sisko model. The parameters determined are shown in Ta-
ble I. (^) 1 wt %; (~) 2 wt %; (�) 3 wt %; (*) 4 wt %;
(&) 5 wt %.

Figure 5 High shear rate viscosity, Z1 (�); consistency
coefficient, K2 � 10 (þ); and shape factor, K3 (^), as func-
tions of the concentration in wt % of Cloisite 30B in e-cap-
rolactam.
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at least for most values of concentration, K3 has an
approximate value of 33, when compared with 2.5c/y
(where y is the corresponding volume fraction) for a
sphere. This indicates that the clay particles are
keeping their long slender shape, and not forming
structures that are more spherical.

X-ray diffraction

Although the sonicated e-caprolactam/clay disper-
sions showed shear thinning behavior and enhanced
viscosity, indicating that some exfoliation had taken
place, X-ray diffraction measurements were per-
formed to determine the platelet morphology of the
polymerized nylon 6/clay nanocomposite samples,
the results of which are shown in Figure 6. X-ray dif-
fraction is a useful tool in the study of polymer/clay
nanocomposites. It is used to measure the interlayer
distance, or d spacing, between the clay platelets.
This distance is represented by a peak in an XRD
scan at a particular d spacing value. Figure 6 shows
that exfoliation of the clay platelets at concentrations
of 1–4 wt % Cloisite 30B in nylon 6 has been
achieved using in situ polymerization of e-caprolac-
tam/clay mixtures. The Cloisite 30B scan shows a
peak at approximately 18.4 E and there are no peaks
observed in the scans for the 1–4 wt % samples,
indicating that complete exfoliation of the clay plate-
lets has occurred. However, the 5 wt % sample
shows a very broad peak in the scan within the
range 32.7–16.1 Å. This indicates that the clay plate-
lets within this sample are not completely exfoliated
and there is some intercalated material present. As
the concentration of clay increases, it becomes more
difficult to fully exfoliate the sample because of the
presence of increasing amounts of clay platelets. So
this is an expected result.

Figure 7 gives information about the crystalline
regions within the polymer nanocomposite samples.
The plot for the pure nylon 6 sample shows two
main peaks at 4.48 and 3.76 Å (equivalent to 2y
angles of 19.88 and 23.78), which represent the dis-
tances between the sheets of polymer chains and the
distance between individual chains within each sheet
respectively, in the a-crystalline form of the polymer.
The sonicated dispersion of clay into the nylon 6
does not have any effect on the crystalline form of
the polymer. Previous work31–33 has reported that
addition of clay into nylon 6 has caused the crystal-
line form of the polymer to change from a to g
because of a limitation in mobility of the polymer
chains. However, studies41 have also shown that the
crystallization temperature has a large influence on
which crystalline form of nylon 6 is preferentially
formed. At temperatures above 1908C, the crystalli-
zation rate of the a-form, which is the most stable
crystalline form of nylon 6, is faster. Hence, in the
data shown in Figure 7, the samples have all formed
the a-form because the synthesis process used to
make these samples involved a postcondensation
stage, where the samples were held at a constant
temperature of 2008C for 8 h. During this time, the
polymer chains within the samples can align them-
selves into the more thermodynamically stable a-
form, even when the concentration of clay is rela-
tively high, such as at 5 wt %. An alternative expla-
nation could be that the crystal growth is nucleated
by the surface of the clay. The nucleation would
involve favorable interaction between the polymer
chains and the surface leading to growth of the
lower energy form of the crystal. Observation of the
a-form is in contrast with previous observations31–36

of the structure of nylon, where the g-form appears
to have been the preferred structure.

Figure 6 X-ray diffraction traces of nylon 6/Cloisite 30B
nanocomposite samples with clay concentrations from 0 to
5 wt % and polymerized at 2508C with a postcondensation
step at 2008C. The trace for pure Cloisite 30B powder is
also shown for reference.

Figure 7 X-ray diffraction traces of the crystalline region
within nylon 6/Cloisite 30B nanocomposite samples with
clay concentrations from 0 to 5 wt % and polymerized at
2508C with a postcondensation step at 2008C.
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Dynamic mechanical thermal analysis

Figure 8 presents the tan d versus temperature data
obtained from DMTA measurements of the nano-
composite samples synthesized using ultrasonication
and in situ polymerization. The data shows shifts in
the positions of the glass transition and b-relaxation
temperature upon the addition of nanoclay, com-
pared with pure nylon 6.

Figure 9 shows a very pronounced increase in Tg

with increasing clay concentration. The presence of
the clay in the amorphous regions of the polymer
structure will have the effect of restricting chain mo-
bility and reducing free volume. The Tg is the tem-
perature where the free volume is sufficient that the
coordinated segmental motion within polymer
chains can occur. For chain motion to occur with
clay present, the Tg will increase to a higher temper-

ature. The scatter of some of the data points can be
attributed to slight differences in the thermal histor-
ies of the samples. The decrease in Tg at 5 wt % after
the general increase, with clay concentration, in the
glass transition temperature may be due to the inter-
calated nature of the platelet morphology when com-
pared with the exfoliated nature of the other sam-
ples. In contrast to these results, work by Pramoda
et al.42 has shown that addition of nanoclay to nylon
6 can have the effect of lowering the glass transition
temperature rather than increasing it.

Excluding the point for 1 wt %, the b-relaxation
temperature increases with clay concentration, as
displayed in Figure 10. The b-relaxation is associated
with localized motion in polymer chains of either a
relatively small number of monomer units or motion
of side chains. In the case of nylon 6, it could be
associated with the onset of the motion of the amide

Figure 8 DMTA tan d versus temperature curve for nylon
6/Cloisite 30B nanocomposite samples with clay concen-
trations from 0 to 5 wt %. (&) 0 wt %; (*) 1 wt %; (~) 2
wt %; (!) 3 wt %; (^) 4 wt %; (*) 5 wt %.

Figure 9 Glass transition temperature versus clay concen-
tration for nylon 6/Cloisite 30B nanocomposite samples
obtained from DMTA measurements.

Figure 10 b-relaxation temperature versus clay concentra-
tion for nylon 6/Cloisite 30B nanocomposite samples
obtained from DMTA measurements.

Figure 11 Bending modulus, E0, versus temperature for
nylon 6/Cloisite 30B nanocomposite samples with clay
concentrations from 0 to 5 wt %. (&) 0 wt %; (*) 1 wt %;
(~) 2 wt %; (!) 3 wt %; (^) 4 wt %; (*) 5 wt %.
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groups, carbonyl groups, or amine groups in each
polymer chain. The work by Pramoda et al.42 has
detailed that the peak temperature of the b-relaxa-
tion shifted to a lower temperature as the moisture
content of the nylon was increased. The water mole-
cules will act as plasticizers, allowing the onset of
motion of the amide groups to occur at a lower tem-
perature. The presence of clay within the polymer
appears to have the opposite effect. The hydroxyl
groups of the organic modifier cation on the clay
platelet surface may form hydrogen bonds with the
amide groups of the nylon 6. This will have the
effect of restricting the onset of motion in the amide
groups: the greater the concentration of clay, the
greater the restriction effect. Therefore, the b-relaxa-
tion temperature will shift to a higher temperature
with increasing clay concentration (Fig. 10).

The effect of the addition of nanoclay on the bend-
ing modulus can be observed in Figures 11 and 12,
which show E0 versus temperature and E0 versus clay
concentration at �958C, respectively. An enhance-
ment in E0 can be observed with increasing clay con-
centration from 1 to 4 wt %. There is a dip in E0 at
5 wt % that is likely due to the presence of interca-
lated rather than exfoliated clay platelets in the sam-
ple as verified by X-ray measurements.

Differential scanning calorimetry

Nonisothermal

Each nylon 6 and nylon 6/Cloisite 30B nanocompo-
site sample was heated, cooled, and heated again to
obtain thermodynamic data. Heating scans were ana-
lyzed for glass transition temperature, Tg, melting
temperature, Tm, and heat of fusion, DHm, while
cooling scans were used to obtain the crystallization
temperature, Tc.

In Figure 13, the nonisothermal cooling scans for
each nylon 6/clay nanocomposite sample are shown
and the peak observed in each represents the crystalli-
zation of the sample as it was cooled from its first heat-
ing. The peak crystallization temperature for each sam-
ple is noted in Table II and it can be seen that the crys-
tallization temperature is higher for the pure nylon 6
sample than that for the nanocomposite samples. This
is an indication of the clay retarding the crystallization
process of the polymer as it cools by limiting chain mo-
bility. This phenomenon was further explored by an
isothermal crystallization DSC experiment that is
detailed in the following section.

Figure 14 and data fromTable II show that peakmelt-
ing temperature remains constant for all samples, at

Figure 12 Bending modulus, E0, versus clay concentration
for nylon 6/Cloisite 30B samples with clay concentrations
from 0 to 5 wt % measured at �958C.

Figure 13 DSC scans for nonisothermal cooling of nylon 6/Cloisite 30B nanocomposite samples. (*) 0 wt %; (þ) 1 wt %;
(&) 2 wt %; (l) 3 wt %; (n) 4 wt %; (^) 5 wt %
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approximately 2188C, regardless of clay concentration.
This is consistent with work by Fornes et al.31 on melt-
mixed nylon 6/clay nanocomposites. The appearance
of a shoulder on the melting peak at approximately
2108C may be an indication of the formation of the g-
form of nylon 6 as the sample is rapidly cooled during
the cooling scan. The lower temperature of the g-form
is due to lower crystalline density and increased en-
tropy of melting associated with the reduction in trans-
conformational bonding compared to the a-form. The
presence of the shoulder on the pure nylon 6 sample
indicates that the formation of the g-form in the nano-
composite is not caused by the presence of the clay but
by the thermal conditions during crystallization.

Isothermal crystallization

The isothermal crystallization behavior of pure nylon
and nylon 6/Cloisite 30B nanocomposite samples
was examined at 1958C. Each sample was heated to
2508C to melt and the temperature rapidly decreased
to 1958C. The samples were then allowed to crystal-
lize for 60 min. The results are shown in Figure 15.

There is a definite retardation of the rate of crystalli-
zation in the nanocomposite samples when compared
with that of the pure nylon 6 sample. Even at low clay
concentrations, there is a marked increase in peak
crystallization time from 4 min for the pure nylon 6
sample to approximately 6 min for the nanocomposite
samples from 1 to 3 wt %. The exfoliated clay platelets
hinder the movement of the polyamide chains as they
attempt to align themselves into lamellae. The crystal-
lization time for the 4 wt % sample increases further
to nine minutes because of the increased amount of
clay present. The in situ polymerization method that is
used to synthesize these samples may have caused
polyamide molecules to be tethered to the surface of
the clay platelets. The hydroxyl groups present on the
organic modifier cation may react with monomer dur-
ing polymerization. The tethered chains will have
greatly restricted mobility and this will further con-
tribute to the decrease in crystallization rate of the
nanocomposite samples. The 5 wt % sample also
shows a decreased crystallization rate when com-
pared with the pure nylon 6 sample but the crystalli-
zation time is lower than for the 4 wt % sample. This

TABLE II
DSC Data for Nylon 6/Cloisite 30B Nanocomposite Samples

Clay concentration
(wt %)

First heating Cooling Second heating

Tm (8C) DHm (J g�1) Tc (8C) DHc (J g
�1) Tm (8C) DHm (J g�1)

0 215 73 182/187 69 211/218 59
1 215 69 183 72 211/217 61
2 220 87 180 63 210/217 48
3 221 76 180 61 210/218 47
4 220 85 179 63 209/218 54
5 212 71 182 66 210/218 55

Values in italic represent minor low temperature endo/exotherms.

Figure 14 DSC scans for second heating of nylon 6/Cloisite 30B nanocomposite samples. (*) 0 wt %; (þ) 1 wt %; (&) 2 wt %;
(l) 3 wt %; (n) 4 wt %; (^) 5 wt %.
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is perhaps an indication that the 5 wt % contains more
lower molecular weight polymer than the rest of the
nanocomposite samples.

Molecular weight

This last supposition was proven when each nano-
composite sample was measured by gel permeation
chromatography. The results obtained are listed in Ta-
ble III. The addition of the clay to nylon 6 has the
effect of lowering the molecular weight of the polymer
as the amount of clay present in the sample increases.
The molecular weight distribution broadens and poly-
dispersity increases as the clay concentration in-
creases, which indicate that there are both high and
low molecular weight molecules present. The increased
presence of the low molecular weight material
explains why the 5 wt % sample, when crystallized
under nonisothermal and isothermal conditions, does
not show the same retardation of the crystallization
process that the samples with lower concentrations of
clay demonstrate. The smaller polyamide 6 molecules
are more mobile than the high molecular weight spe-
cies, enabling them to crystallize at a faster rate.

The reason for the decrease in molecular weight as
the clay concentration in the nanocomposite
increases (Table III) is related to the organic modifier
on the surface of the clay. Work on poly(caprolac-
tone)/clay nanocomposite samples by Kiersnowski
et al.43 has shown the same increase in low molecu-
lar weight molecules with increasing clay loading.
The decomposition of the organic modifier at tem-
peratures of approximately 1808C44, via a Hoffman
elimination reaction, to produce amines is thought to
be the reason for this reduction. The same reaction

will occur in the nylon 6 nanocomposite samples as
they are polymerized. The resulting amines can act
as initiators, which react with the e-caprolactam and
can then polymerize further. This increase in the
amount of initiator will have the effect of producing
a greater number of low molecular weight polymer
chains. Therefore, the reason for increase in low mo-
lecular weight material in the nylon 6 nanocompo-
site samples could be due for two reasons. First, the
increase in the amount of initiator in the reacting
system caused by the decomposition of the organic
modifier to form amines, and second, the presence
of the clay platelets themselves, which will hinder
the diffusion of reacting species through the system.

CONCLUSIONS

Rheological measurements of sonicated Cloisite 30B
in molten e-caprolactam showed that exfoliation had
occurred at concentrations from 1 to 5 wt %. Mix-
tures containing clay at concentrations of 2 wt %
and higher showed a drop in the measured shear
viscosity between initial shear runs and immediate

Figure 15 Crystallization isotherms for nylon 6/Cloisite 30 nanocomposite samples at 1958C. (l) 0 wt %; (þ) 1 wt %; (&)
2 wt %; (l) 3 wt %; (n) 4 wt %; (^) 5 wt %.

TABLE III
GPC Data for Nylon 6/Cloisite 30B

Nanocomposite Samples

Clay concentration
(wt %)

Mn

(g mol�1) Mw

Polydispersity
(Mw/Mn)

0 69,700 132,000 1.9
1 58,200 129,000 2.2
2 54,000 150,000 2.8
3 45,100 157,000 3.5
4 35,400 137,000 3.9
5 23,200 157,000 6.8
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repeat shear runs. This is attributed to a break down
of an extensive amount of structure formed by the
exfoliated platelets in the mixture during sonication.
Repeat runs, after initial shearing, did not show the
same level of viscosity and it is concluded that this
structure cannot be reformed.

A method to synthesize nylon 6 and nylon 6/Cloi-
site 30B nanocomposites on a 10 g scale was devel-
oped. DMTA measurements showed the importance
of a postcondensation step in the synthesis of sam-
ples as the glass transition temperature and bending
modulus were shown to increase. Increasing the clay
concentration present in a nanocomposite sample
gave a slight increase in Tg and bending modulus.
The b-relaxation temperature was shown to increase
with increasing clay concentration. The organically
modified clay platelets will interact and form hydro-
gen bonds with the amide groups of the nylon 6,
restricting the onset of motion; an increase in the b-
relaxation temperature is thus observed.

X-ray diffraction measurements of nylon 6/Cloisite
30B nanocomposite samples showed that the exfolia-
tion of platelets had occurred during polymerization
in samples of concentration 1–4 wt %. Results from the
5 wt % sample showed that some intercalated material
was present. All samples were found to be in the a-
crystalline form of nylon 6 rather than the g-form, due
to the long postcondensation step in the synthesis,
which allows the chains to arrange themselves in the
more thermodynamically stable form.

DSC scans showed that the nanocomposite sam-
ples formed the g-crystalline form from the melt,
with a fast cooling rate. Increasing clay concentration
was shown to decrease the rate of crystallization of
the nanocomposite by hindering chain mobility.

GPC measurements showed that the increasing
concentration of clay in the sample has the effect of
increasing the amount of low molecular weight poly-
mer present. This is due to the increasing amount of
organic modifier decomposing during the polymer-
ization to form initiating amines and the clay hinder-
ing the movement of reacting species.
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