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ABSTRACT: DSC thermal analysis and X-ray diffraction
have been used to investigate the isothermal crystallization
behavior and crystalline structure of nylon 6/clay nanocom-
posites. Nylon 6/clay has prepared by the intercalation of
�-caprolactam and then exfoliating the layered silicates by
subsequent polymerization. The DSC isothermal results re-
veal that introducing saponite into the nylon structure
causes strongly heterogeneous nucleation induced change of
the crystal growth process from a two-dimensional crystal
growth to a three dimensional spherulitic growth. But the
crystal growth mechanism of nylon/montmorillonite nano-
composites is a mixed two-dimensional and three-dimen-
sional spherulitic growth. The activation energy drastically
decreases with the presence of 2.5 wt % clay in nylon/clay

nanocomposites and then slightly increases with increasing
clay content. The result indicates that the addition of clay
into nylon induces the heterogeneous nucleation (a lower
�E) at lower clay content and then reduces the transporta-
tion ability of polymer chains during crystallization pro-
cesses at higher clay content (a higher �E). The correlation
among crystallization kinetics, melting behavior, and crys-
talline structure of nylon/clay nanocomposites is also dis-
cussed. © 2004 Wiley Periodicals, Inc. J Appl Polym Sci 94:
2196–2204, 2004
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INTRODUCTION

Nylon 6 is a highly crystalline polymer with two crys-
talline forms, � and �.1–4 The monoclinic � phase is
composed of fully extended planar zigzag chain con-
formation, in which adjacent antiparallel chains are
joined to each other by the hydrogen bond. Therefore,
it is the thermodynamically most stable crystalline
form, and can be obtained by slowly cooling from the
melt. The pseudohexagonal � phase consists of
pleated sheets of parallel chains joined by the hydro-
gen bond. It is less stable and can be obtained by fast
cooling from the melt or fiber spinning at a high
speed.5,6 The � form can be converted into � by re-
crystallization, by applying stress at room tempera-
ture, and by thermal annealing in a saturated-steam
atmosphere without any significant loss of orienta-
tion.7–12

Polymer nanocomposites defined by the particle
size of the dispersed phase containing at least one
dimension in the range of 1 � 100 nm have received
increasing interest due to their unusual combinations

of stiffness and toughness that are difficult to attain
from individual components.13–15 Typical preparation
of polymer nanocomposites is either intercalation of a
suitable monomer and then exfoliating the layered
silicate host into their nanoscale elements by subse-
quent polymerization, or direct insertion of polymer
chains from the melt or solution into swellable layer
silicate.16–18 The high aspect ratio layered silicate
would affect the physical, mechanical, and thermal
properties of the synthesizing polymer nanocompos-
ites.

In this study, we have used two different types of
clays, montmorillonite and saponite, as the dispersed
phase to prepare nylon 6/clay nanocomposites. The
montmorillonite is dioctahedral smectites with pre-
dominantly octahedral substitution, while saponite is
trioctahedral smectites with mainly the isomorphous
substitution of Si4� by Al3� in the tetrahedral sheets.
For this reason, the structure of montmorillonite is in
the form of hexagonal lamellae, while the saponite
shows a structure in the form of ribbons and laths.19

The nylon 6/clay nanocomposites were prepared
through the intercalation of �-caprolactam and then
exfoliating the layered clay by subsequent polymer-
ization.20,21 Both X-ray diffraction data and transmis-
sion electron microscopy micrograph of nylon/clay
nanocomposites indicate most of the swellable silicate
layers are exfoliated into the nylon matrix. X-ray dif-
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fraction data also show the presence of polymorphism
in nylon/clay nanocomposites, which is strongly de-
pendent on the annealing temperature of nylon/clay
nanocomposites and on the content of clay in nylon/
clay nanocomposites. The mechanical and thermal
properties of nylon 6/clay nanocomposites are also
significantly affected by the addition of clay,20–23

which is probably due to the different structural fea-
tures of saponite and montmorillonite. Therefore, dif-
ferent types of clays containing their special structure
arrangement probably play a significant role to affect
their physical and thermal properties. Since the phys-
ical properties of nanocomposites are also directly
related to the crystalline features and thermal behav-
iors, it is necessary to understand the effect of clays on
the crystallization behaviors of nylon 6/clay nano-
composites.

In this study, we have focused on the isothermal
melt-crystallization kinetics, melting behavior, and
crystalline structure of nylon 6 with the presence of
saponite and montmorillonite from DSC and X-ray
diffraction method. The parameters of crystallization
kinetics, such as the laternal-surface and fold-surface
energy of isothermal crystallization as well as the ac-
tivation energy of isothermal crystallization of nylon
and nylon/clay nanocomposites is also discussed.

EXPERIMENTAL

Specimens

Saponite (SA) and montmorillonite (MMT) with a cat-
ion exchange capacity (CEC) of 80 and 110 meq/100 g,
respectively, were used as the dispersed phase to re-
inforce the nylon matrix. The nylon 6/clay nanocom-
posite has been prepared by using �-caprolactam
mixed with deionized water, phosphoric acid solu-
tion, and organically modified clay using octade-
cylammonium at 80°C for 30 min. The polymerization
was carried out in a nitrogen atmosphere by heating
the mixture to 270°C, while stirring for 30 min with the
pressure being elevated to 8 kg/cm2. The pressure
was then reduced to 1 kg/cm2, and the mixture was
polymerized at 260°C for 6 h. Upon the completion of
the polymerization, the reinforced nylon 6/clay nano-
composite was taken out from the reactor and cut into
pellets. The pellets thus obtained were washed with
hot water at 80°C for 8 h and dried at 100°C for 12 h in
vacuum.

Samples of pure nylon and nylon/clay nanocom-
posites were sandwiched between two cover glasses
and heated on a hot stage at premelting temperature
(Tmax) of 240°C. The sample was pressed into the thin
film with thickness in the range of 0.03 mm, kept for 20
min to eliminate any thermal history and the memory
of crystalline form in the melt, and then quenched
rapidly to their room temperature at a cooling rate (C)
in the range of 1 � 50°C/min.

Wide angle X-ray diffraction

X-ray �/2� diffraction scans of these specimens were
obtained using a 3kW Rigaku III diffractometer
equipped with Ni-filtered CuK� radiation. These data
were recorded in the reflection mode.

Thermal analysis

Thermal analysis of the samples was preformed using
a Perkin–Elmer PYRIS Diamond differential scanning
calorimeter (DSC) calibrated using indium, and all
experiments were carried out under a nitrogen atmo-
sphere. All specimens were weighted in the range of 5
to 6 mg. For isothermal crystallization, the specimens
were heated to Tmax � 240°C at a rate of 100°C/min
and held for 20 min to remove the residual crystals,
then they were quickly cooled to the proposed crys-
tallization temperatures (Tcs) in the range of 199
� 207°C. Heat fusion versus time for isothermal crys-
tallization (�Hc) was recorded. Therefore, the glass
transition temperature (Tg), crystallization tempera-
ture (Tc), exothermic heat of crystallization (�Hc),
crystalline melting temperature (Tm), and heat of fu-
sion of polymer crystalline (�Hm) for the nylon and
nylon/clay nanocomposites were obtained. The spec-
imens isothermally crystallized at the Tcs were heated
to Tmax � 240°C at a rate of 10°C/min.

Thermal treatment

For the thermal treatment experiment, samples of
pure nylon and nylon 6/clay nanocomposites were
hot pressed into thin film at 240°C and then were
transferred quickly from the hot stage to a silicon oil
bath kept at the range between 199 and 207°C for
various times.

RESULTS AND DISCUSSION

The crystallization kinetics of nylon and nylon/clay
nanocomposites can be analyzed by using the classical
Avrami equation24,25 as given in eq. (1).

1 � Xt � exp (�ktn) (1)

where Xt is the development of crystallinity Xc at time
t. The fraction of Xt is obtained from the area of the
exothermic peak in DSC isothermal crystallization
analysis at a crystallization time t divided by the total
area under the exothermic peak.

Xt �

�
0

tdH
dt dt

�
0

�dH
dt dt

�
�Ht

�H0
(2)
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where the numerator is the heat (�Ht) generated at
time t and the denominator is the total heat (�H0)
generated up to the complete crystallization. Figure 1
shows the development of crystallinity with time in
nylon and 2.5 wt % and 5 wt % nylon/SA nanocom-
posites at five different crystallization temperatures.
All these curves show similar sigmoid shape, which
indicates crystallization procedure was similar at each
crystallization temperature. In eq. (1), the k value is the
crystallization rate constant (min�1) and n value is the
Avrami exponent. Both k and n depend on the nucle-
ation and growth mechanisms of spherulites. To con-
vert conveniently with the operation, eq. (1) can be
transformed into

ln� � ln�1 � Xt	
 � n ln t � ln k (3)

Figure 2 shows the plot of ln [-ln (1-Xt)] versus ln t
for nylon and 2.5 wt % and 5 wt % nylon/SA nano-

composites. The k and n values could be directly ob-
tained using eq. (3) from the intercept and slope of the
best-fitting line. It is usual to distinguish the crystalli-
zation behavior at the linear stage, that is, before the
kinetic curve deviates markedly from the theoretical
isotherms and the primary crystallization and the sec-
ondary crystallization occur at the nonlinear stage.
The primary crystallization consists of the outward
growth of lamellar stacks until impingement; and the
secondary crystallization, which may well overlap the
primary crystallization, is filling in the spherulites of
interstices. Many results have been suggested that
both primary and secondary crystallization were in-
corporated into Avrami theory. In the present work,
we focus only on primary crystallization. Several crys-
tallization parameters, �H0, k and n, are summarized
in Table I. The plots of ln [-ln (1-Xt)] versus ln t for 2.5
wt % nylon/MMT and 5 wt % nylon/MMT show
similar tendency, and their crystallization parameters

Figure 1 Development of crystallinity with time for (a) nylon, (b) 2.5 wt % nylon/SA, and (c) 5 wt % nylon/SA
nanocomposites during isothermal crystallization.
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are also listed in Table I. It is found n values are
dependent on the content of clay and Tc.

For the nylon sample, the n values range around 2.1
� 2.3 with increasing Tc. In general, a value of n close
to 3 may represent an athermal nucleation process
followed by a three-dimensional crystal growth. On
the other hand, the value of n � 2.0 � 2.2 indicates that
crystal growth may not occur in three dimensions at
an equal rate, and hence a low n value may be ob-
tained. The nonintegral n values we obtained might be
due to the presence of crystalline branching and/or
two stage crystal growth during the crystallization
process and/or mixed growth and nucleation mecha-
nism.26 The n values of 2.5 wt % and 5 wt % nylon/SA
nanocomposites are also in the range of 2.5 � 2.8,
which are higher than those of nylon. These results

indicate that introducing 2.5 wt % and 5 wt % of
saponite into the nylon structure causes strongly het-
erogeneous nucleation induced change of the crystal
growth process from a two-dimensional crystal
growth to a three dimensional spherulitic growth. The
n values of 2.5 wt % and 5 wt % nylon/MMT nano-
composites are in the range of 2.3 � 2.8, which are also
higher than those of nylon. These results indicate that
introducing 2.5 wt % and 5 wt % of MMT into the
nylon structure causes heterogeneous nucleation in-
duced change of the crystal growth process from a
two-dimensional crystal growth to a mixed three-di-
mensional and two-dimensional spherulitic growth.

In addition, the values of the crystallization rate
parameters k are apt to decrease with increasing Tc

due to a gradual decrease in the degree of supercool-

Figure 2 Avrami plots of ln [-ln (1-Xt)] versus ln t for (a) nylon, (b) 2.5 wt % nylon/SA, and (c) 5 wt % nylon/SA
nanocomposites.
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ing, and to increase with increasing clay content due
to an increase in the heterogeneous nucleation. The
crystallization rates of the 2.5 wt % nylon/SA nano-
composites rapidly decrease as Tc increases, while
those of the nylon and the other nylon/clay nanocom-
posites decrease gradually as Tc increases. At lower
crystallization temperatures (199 � Tcs � 203°C), the
crystallization rate of nylon/clay nanocomposites is
higher than that of pure nylon, except for the 5 wt %
nylon/MMT nanocomposites. These results indicate
that the additional content of clay does affect the
crystallization behaviors of the nylon.

The crystallization rate parameter k can also be ap-
proximately described as follows:

1/n�ln k	 � ln k0 � �Ea/RT (4)

where k0 is a temperature-independent preexponential
factor; � Ea is a total activation energy, which consists
of the transport activation energy �E* and the nucle-
ation activation energy �F (�E* refers to the activation
energy required to transport molecular segments
across the phase boundary to the crystallization sur-
face, and �F is the free energy of formation of the
critical size crystal nuclei at Tc); and R is the universal
gas constant. Arrhenius plots of 1/n (ln k) against 1/T
for nylon and nylon/clay nanocomposites are shown
in Figure 3, and are approximately linear. The activa-
tion energy can be determined from the slope of the
plots and is strongly dependent on the content of clay.

The activation energy drastically decreases with the
presence of 2.5 wt % clay in nylon/clay nanocompos-
ites. The result indicates that the addition of 2.5 wt %
SA and MMT into nylon probably induces heteroge-
neous nucleation (a lower � Ea). The addition of more
clay into the nylon matrix causes more heterogeneous
nucleation, which is expected to obtain a lower � Ea.
But the addition of more clay also induces more steric
hindrance, which also reduces the transportation abil-
ity of polymer chains during crystallization processes
(a higher � Ea), and the � Ea of nylon/clay nanocom-
posites increases as clay content increases from 2.5 wt
% to 5 wt %. Detail activation energy of nylon and
nylon/clay nanocomposites are shown in Table II.

Figure 4 shows the DSC heating scans of nylon and
2.5 and 5 wt % nylon/SA nanocomposites after com-
pletion of isothermal crystallization at various Tc,
which are then heated directly from Tc to Tmax �
240°C at a heating rate of 10°C/min. It can be clearly
seen that the DSC heating curves of these specimens
contain only two endotherm behaviors. The peak tem-
perature of the first and smallest endotherm (referred
to as Tm(I)) is about 5 � 10°C above Tc in all figures.
The peak position of Tm(I) associated with the last step
of secondary crystallization shifts to higher tempera-
ture as Tc is increased. The second melting endotherm
(referred to as Tm(II)), associated with the fusion of
crystals grown at Tc, corresponds to the thermody-
namically most stable � crystalline form.

TABLE I
Values of tstart, k, and n at Various Tc for Nylon 6, Nylon 6/MMT, and Nylon 6/SA Nanocomposites

Tc (°C) 199 201 203 205 207

Nylon 6
tstart (min) 8.44 9.47 10.91 13.69 19.70
�H0 (J/g) �40.97 �35.73 �28.92 �27.07 �24.19
n 2.23 2.13 2.20 2.32 2.28
k 3.36E-02 1.56E-02 8.46E-03 2.87E-03 1.42E-03

2.5 wt% nylon 6/MMT
tstart (min) 9.44 10.46 13.88 18.52 24.74
�H0 (J/g) �41.30 �39.56 �36.39 �28.58 �38.66
n 2.66 2.73 2.54 2.48 2.80
k 4.08E-02 1.27E-02 7.86E-03 2.52E-03 8.80E-05

5 wt% nylon 6/MMT
tstart (min) 9.53 10.99 18.44 27.00 43.18
�H0 (J/g) �41.23 �50.11 �26.47 �25.70 �30.95
n 2.61 2.54 2.43 2.31 2.29
k 6.47E-03 2.76E-03 1.17E-03 7.84E-04 1.61E-04

2.5 wt% nylon 6/SA
tstart (min) 8.21 9.13 11.07 13.15 18.28
�H0 (J/g) �41.53 �39.55 �34.47 �39.04 �46.29
n 2.87 2.68 2.52 2.66 2.65
k 1.51E-01 6.09E-02 2.29E-02 3.18E-03 6.64E-04

5 wt% nylon 6/SA
tstart (min) 8.86 9.24 12.68 17.00 21.79
�H0 (J/g) �39.24 �51.12 �36.23 �35.80 �53.02
n 2.55 2.67 2.43 2.52 2.63
k 3.28E-02 1.52E-02 6.35E-03 1.32E-03 1.83E-04
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The equilibrium melting temperature Tm
o of the

nylon and nylon/clay nanocomposites can be deter-
mined by the plot of Tm(II) versus Tc according to
Hoffman and Week’s equation:27

Tm � Tm
0 �1 � 1/�	 � Tc/� (5)

where � is a factor depending on the final laminar
thickness. It is assumed that � � l/l*, where l and l* are
the thickness of a mature crystallite and of the critical
crystalline nucleus. Tm

o can be determined from the
crossing point of the Tm � Tc line with the extrapola-
tion of Tm as a function of Tc. This procedure is equiv-
alent to an extrapolation to infinite lamellar thickness,
and the extrapolated equilibrium melting point is
231.2°C for the nylon 6, which is in good agreement
with those reported previously.28,29 The Tm

o is in the
range of 227 � 231°C for the nylon 6/clay nanocom-
posites and is also listed in Table II. It can be seen that
the Tm

o is close to each other, suggesting that the
crystalline in nylon/clay nanocomposites is similar to
that of pure nylon.

The regime theory of crystal growth is applied to
analyze those crystal growth data to obtain thermo-

dynamic parameters related to the crystallization pro-
cess. It has to be emphasized that overall crystalliza-
tion rates are not simple to be interpreted as spheru-
litic radial growth because of the combination of
nucleation and growth phenomena. According to the
regime theory of crystal growth, the temperature de-
pendence of the linear growth rate (G) is given as
follows:

G � G0 exp � � U*
R�Tc � T�	� exp � � Kg

fTc�T� (6)

where Go is a pre-exponential term; U*, the diffusional
activation energy for the transport of crystallizable
segments at the liquid-solid interface; T�, the hypo-
thetical temperature below which viscous flow ceases;
f � 2Tc/(Tm

o � Tc), a correction factor that accounts for
the change of �Hf

o (enthalpy of fusion of the perfect
crystal) with the temperature. The nucleation constant
Kg contains contributions from the surface free ener-
gies, and it can be obtained from eq. (6):

Kg�I	 �
4b		eTm

0


k�Hf
0 or Kg�II	 �

2b		eTm
0


k�Hf
0 (7)

Figure 3 Arrhenius plots of 1/n (ln k) versus 1/T for nylon and nylon/clay nanocomposites..

TABLE II
Values of � Ea, Tm

0, Kg, G0 and ��e at Various Tc for Nylon 6, Nylon 6/MMT, and Nylon 6/SA Nanocomposites

Nylon 6
2.5 wt % nylon

6/MMT
5 wt % nylon

6/MMT
2.5 wt % nylon

6/SA
5 wt % nylon

6/SA

� Ea (kJ/mol) �302.8 �470.3 �420.0 �492.5 �455.2
Tm

0 (°K) 503.4 503.2 500.1 503.9 503.7
Kg (K2) 7.37E�04 1.07E�05 7.24E�04 1.14E�05 1.03E�05
G0 3.87E�03 6.11E�04 4.11E�03 1.35E�05 3.47E�04
		e (erg2/cm4) 125.0 180.8 123.7 192.4 174.0
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where m is a parameter that depends on the regime of
crystallization, b is the distance between two adjacent
fold planes, 	 and 	e are the lateral and folding surface
free energy, and k is the Boltzmann constant. The Kg is
equal to Kg(I) when the formation of a surface nucleus
is followed by rapid completion of the substrate (re-
gime I kinetics), and Kg is equal to Kg(II) when the
surface nuclei form in large numbers on the substrate
and spread slowly (regime II kinetics). Using half-time
of crystallization t1/2 instead of growth rate G, eq. (6)
can be rewritten as follows:

ln� 1
t1/2

� �
U*

R�Tc � T�	
� ln G0 �

Kg
fTc �T (8)

Hoffman et al.27,30 found T� � Tg - 30 K and U* �
1500 cal mol�1 by fitting the crystallization rate data
for various polymers with eq. (8).

Figure 5 shows the plots of ln(1/t1/2) � U*/[R (Tc-
T�)] versus 1 /[ fTc�T] for nylon and nylon/clay
nanocomposites. The Kg and Go values obtained from
the slope and intercept of Figure 5 are listed in Table
II. The data of b of � crystalline form is 1.72 nm
according to the lattice parameter of nylon, and the
bulky enthalpy of fusion of perfect crystal �Hf

o is
190.0 J/g.31,32 To determine to which regime the data
in the selected crystallization temperatures belong, the
Lauritzen Z test is usually applied.33 Z is a quantity
defined by

Z � 103 � � L
2a0

� 2

exp� �
X

Tc�T� (9)

where L is the effective lamellar width and a0 is the
width of the molecular chain in the crystal. According

Figure 4 DSC heating curves of (a) nylon, (b) 2.5 wt % nylon/SA, and (c) 5 wt % nylon/SA nanocomposites after completing
the isothermal crystallization at various Tc.

2202 WU, LIEN, AND HSU



to this test, regime I crystallization kinetics are fol-
lowed if the substitution of X � Kg into the test results
in Z � 0.01. If with X � 2Kg the test contains Z � 1.0,
regime II kinetics are followed. As pointed out by
Lauritzen and Hoffman,34 it is more convenient, given
a known value of Kg and the inequalities for Z, to
obtain the values of L in regime I or regime II and to
estimate if such values of L are realistic. The � crys-
talline unit cell of nylon 6 is monoclinic with the lattice
parameter a � 0.956 nm, b � 0.801 nm, c � 1.72 nm
(fiber axis), � � 67.5° containing 4 monomer per unit
cell, while the � crystalline unit cell is pseudohexago-
nal with the lattice parameter a � 0.472 nm, c � 1.688
nm, � � 120°. It will be pointed out later (see Fig. 6)

that the crystalline structure in the selected crystalli-
zation temperatures is monoclinic. This preferred
growth plane will be (200) where the thickness of a
monomolecular layer, b0, in the (100) plane is 0.44 nm
and the chain width, a0, is 0.37nm. Assuming Z � 0.01
and substituting X � Kg into the Z-test, L will be
smaller than 0.03 nm. This is clearly unrealistic. As-
suming Z � 1.0 and substituting X � 2Kg into the
Z-test, we obtain L � 3.4 nm, and it is reasonable for
nylon 6. Therefore the crystallization regime is deter-
mined to be regime II.

Because the content of additional clay is low, the
parameter of b, �Hf

o, and the crystallization regime
can be assumed to be the same as those of pure nylon.
The 		e data of the nylon and nylon/clay nanocom-
posites are also determined from eq. (8) and shown in
Table II. These data indicate that 2.5 wt % nylon/SA
and nylon/MMT nanocomposites have higher values
of Go, suggesting the introduction of 2.5 wt % SA and
MMT into nylon acted as heterogeneous nuclei in the
nucleation of crystallization, causing a dramatic in-
crease of the crystallization rate (a higher Go). The
addition of 5 wt % SA and MMT into the nylon matrix
could further induce the increase in heterogeneous
nucleation, which is expected to obtain a higher Go.
But the addition of SA and MMT into nylon also
causes a decrease in free volume and thus a decrease
in molecular chain mobility, leading to a lower growth
rate constant Go. Therefore, the addition of 5 wt % SA
in the form of ribbons and laths into nylon decreases
the molecular chain mobility of nylon, causing a slight
increase in growth rate constant Go compared to that
of 2.5 wt % nylon/SA nanocomposites. But the pres-
ence of 5 wt % MMT in the form of hexagonal lamellae

Figure 5 Plots of ln(1/t1/2) � U*/[ R (Tc-T�)] versus 1 /[ fT��T] � 105 for nylon and nylon/clay nanocomposites.

Figure 6 X-ray diffraction data for (a) nylon, (b) 2.5 wt %
nylon/SA, and (c) 5 wt % nylon/SA thermally annealed at
205°C.
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dramatically decreases the molecular chain mobility of
nylon, causing a sharp decrease in growth rate con-
stant Go compared to that of 2.5 wt % nylon/MMT
nanocomposites. It is clear that the heterogeneous nu-
cleation is a key factor in the crystallization process of
2.5 wt % nylon/clay nanocomposites, but the molec-
ular chain mobility can control the crystallization pro-
cess for 5 wt % nylon/MMT nanocomposites. The 		e

data of nylon and nylon/clay nanocomposites also
show similar trends as those of growth rate constants.

Figure 6 shows X-ray diffraction data of nylon and
2.5 wt % and 5 wt % nylon/clay nanocomposites after
melting at 240°C and then quenching to the tempera-
ture in the range of 199 � 207°C. X-ray data of nylon
shows two intense reflections (100) and (010) � (110),
at 2� � 20.5° and 24.0° characteristic of the monoclinic
� crystalline form. The peak positions of these reflec-
tions of nylon/clay nanocomposites are almost equiv-
alent to those of nylon, but the peak profile of nylon/
clay nanocomposites are slightly broader than those of
the nylon matrix. These results indicate that the nylon
and nylon/clay nanocomposites have the same crys-
talline structure. Therefore, our previous assumption
that nylon/clay nanocomposites have the same b of �
crystalline form as that of pure nylon matrix is rea-
sonable.

CONCLUSION

DSC isothermal results reveal that introducing sapo-
nite into the nylon structure causes strongly heteroge-
neous nucleation induced change of the crystal
growth process from a two-dimensional crystal
growth to a three dimensional spherulitic growth. But
the crystal growth mechanism of nylon/MMT nano-
composites is a mixed two-dimensional and three-
dimensional spherulitic growth. The 		e data of the
nylon and nylon/clay nanocomposites indicate that
2.5 wt % nylon/SA and nylon/MMT nanocomposites
have higher values of Go, suggesting the introduction
of SA and MMT into nylon acted as heterogeneous
nuclei in the nucleation of crystallization and caused a

decrease in free volume at high clay content to reduce
the molecular chain mobility.
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NSC92–2622-E-005–006-CC3 was greatly appreciated.

References
1. Miyasaka, K.; Ishikawa, K. J Polym Sci A-2 1968, 6, 1317.
2. Miyasaka, K.; Ishikawa, K. J Polym Sci A-2 1972, 10, 1497.
3. Kyotani, M. J Macromol Sci, Phys 1975, B11, 509.
4. Murthy, N. S. Polym Commum 1991, 32, 301.
5. Brucato, V.; Crippa, G.; Piccarolo, S.; Titomanlio, G. Polym Eng

Sci 1991, 31, 1411.
6. Samon, J. M.; Schultz, J. M.; Wu, J.; Hsiao, B.; Yeh, H.; Kolb, R.

J Polym Sci, Polym Phys Ed 1999, 37, 1277.
7. Murthy, N. S.; Szollosi, A. B.; Sibilia, J. P.; Krimm, S. J Polym Sci,

Polym Phys Ed 1985, 23, 2369.
8. Matyi, R. J.; Cryst Jr., B. J Polym Sci, Polym Phys Ed 1978, 16,

1329.
9. Park, J. B.; Devries, K. L.; Statton, W. O. J Macromol Sci, Phys

1978, B15, 229.
10. Baldrian, J.; Pelzbauer, Z. J Polym Sci Part C 1972, 38, 289.
11. Murthy, N. S.; Minor, H.; Latif, R. A. J Macromol Sci, Phys 1987,

B26, 427.
12. Hiramatsu, N.; Hirakawa, S. Polym J 1982, 14, 165.
13. Giannelis, E. P. Adv Mater 1996, 8, 29.
14. Okada, A.; Usuki, A. Mater Sci Eng 1995, C3, 109.
15. Ogawa, M.; Kuroda, K. Bull Chem Soc Jpn 1997, 70, 2593.
16. Lagaly, G. Appl Clay Sci 1999, 15, 1.
17. LeBaron, P. C.; Wang, Z.; Pinnavaia, T. J. Appl Clay Sci 1999, 15,

11.
18. Liu, L.; Qi, Z.; Zhu, X. J Appl Polym Sci 1999, 71, 1133.
19. Usuki, A.; Okada, A. Jap Plastics 1995, 46, 31.
20. Wu, T.-M.; Liao, C. S. Macromol Chem Phys 2000, 201, 2820.
21. Wu, T.-M.; Chen, E.-C.; Liao, C. S. Polym Eng Sci 2002, 42, 1141.
22. Cho, J. W.; Paul, D. R. Polymer 2001, 42, 1083.
23. Fornes, T. D.; Paul, D. R. Polymer 2003, 44, 3945.
24. Avrami, M. J Chem Phys 1939, 7, 1103.
25. Avrami, M. J Chem Phys 1940, 8, 212.
26. Alamo, R. G.; Mandelkern, L. Macromolecules 1991, 24, 6480.
27. Hoffman, J. D.; Weeks, J. J. J Res Nat Bur Stand 1962, 66A, 13.
28. Privalko, V. P.; Kawai, T.; Lipatov, Y. S. Polym J 1979, 11, 699.
29. Ho, J.-C.; Wei, K.-H. Macromolecules 2000, 33, 5181.
30. Hoffman, J. D. Polymer 1983, 24, 3.
31. Cheng, L.-P.; Dwan, A.-H.; Gryte, C. C. J Polym Sci, Polym Phys

Ed 1994, 32, 1183.
32. Wunderlich, B. In Macromolecular Physics, Vol. 1; Academic

Press: New York, 1973.
33. Lauritzen, J. I. J Appl Phys 1973, 44, 4353.
34. Lauritzen, J. I.; Hoffman, J. D. J Appl Phys 1973, 44, 4340.

2204 WU, LIEN, AND HSU


